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Description
TECHNICAL FIELD

[0001] The presentinvention is directed to suspension
systems for vehicles, and in particular to a hydraulic sys-
tem providing control of one or more suspension param-
eters.

BACKGROUND OF THE INVENTION

[0002] There are known many alternative intercon-
nected suspension systems which have the ability to pas-
sively differentiate between different modes of wheel mo-
tion with respect to the vehicle body and therefore provide
a variety of alternatives in functionality. For example, the
Applicant’'s US patentnumber 6,270,098 provides a pres-
sure balancing "load distribution" unit between two pairs
of diagonally interconnected double acting wheel rams.
This system provides different heave, roll and pitch stiff-
ness rates with zero warp stiffness and different damping
ratesin all four base suspension modes (heave, roll, pitch
and warp). This system supports the weight of the vehi-
cle, so as the loads on the vehicle change, or as the fluid
temperature changes, the volume of fluid in each of the
six volumes in the system must be adjusted. Also, as the
six volumes in the system can in some load conditions,
all be at different pressures, there is the possibility for
fluid to leak across seals, which also requires fluid volume
adjustments to be made to maintain the correct vehicle
attitude. This requires a high pressure fluid source, sen-
sors, control electronics and valves, making the cost of
the system relatively high for a passive system.

[0003] An example of a passive interconnected hy-
draulic system providing many of the benefits of the
above (US 6,270,098) without the cost of high pressure
control system can be found in the applicants WO
2004/052667. This lower cost system can, in some em-
bodiments, provide high roll stiffness with low warp stiff-
ness, negligible heave stiffness and a different stiffness
rate in pitch. It also provides high roll damping and pitch
damping with lower, more comfortable and isolating
heave damping. As this hydraulic system does not pro-
vide significant heave stiffness, separate support springs
are required, giving the advantage that all six system
volumes can operate at a common pressure, negating
the need for a high pressure control system. However,
when pitch stiffness is provided, the system has six vol-
umes, a single load distribution unit which requires two
accumulators and can be difficult to package, or if split
into two halves, requires additional hydraulic conduits in
the vehicle. The layout of the conduits of the system can
also give rise to fluid acceleration effects.

[0004] An example of a system having just roll and/or
pitch damping can be found in US patent number
5,486,018 and US patent number 6,024,366. The system
in each of these documents uses a device between a
pair of wheel damping rams, each wheel damping ram
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having a damper valve in its piston to provide double-
acting damping but make the ram single-acting (i.e. there
is only one fluid port). The device provides for independ-
ent levels of damping for in-phase (i.e. heave) and out
of phase (i.e. roll and/or pitch) motions. However this
system does not provide significant stiffness inany mode,
so in addition to the need for support springs, generally
anti-roll bars will be required for a good balance between
bounce and roll stiffness. Additionally, as the wheel rams
are effectively single acting (having only one fluid port)
the amount of damping that the device can provide is
limited. There are improvements made to the system to
combat this problem, which can be found in Japanese
patent office publication number 11291737, but these
add to the complexity of the system by providing more
plumbing and spool valves.

[0005] With the aforementioned in mind, it is therefore
an object of the present invention to provide a hydraulic
system for a vehicle suspension that alleviates at least
one of the disadvantages of such known vehicle suspen-
sion systems.

[0006] Itis a preferred object of the present invention
to provide a hydraulic system exhibiting roll stiffness,
pitch stiffness, roll damping, pitch damping and heave
damping, all of which can be configured and tuned sub-
stantially independently from each other to enable opti-
misation of each parameter.

SUMMARY OF THE INVENTION

[0007] The applicant’'s earlier WO 2004/052667 dis-
closes a hydraulic system for a suspension system for a
vehicle as specified in the preamble to claim 1 and in the
preamble to claim 9.

[0008] The present invention, however, is character-
ised in that the first and second modal resilience devices
are independent of each other in their manner of connec-
tion to the system and in that

the first and second modal resilience devices each ad-
ditional include at least one resilient means such that
motion of the moveable member of each modal resilience
device due to roll or pitch motion of the vehicle is con-
trolled by the respective at least one resilient means to
thereby provide respective roll or pitch resilience in the
system.

[0009] The hydraulic suspension system according to
the present invention advantageously allows for the in-
dependent tuning and design of suspension parameters
including pitch stiffness, pitch damping, roll stiffness, roll
damping, and heave damping. This enables optimisation
of a variety of these suspension parameters.

[0010] Thepresentinvention may advantageously pro-
vide enhanced control of pitch stiffness and/or roll stiff-
ness determined by the chosen connectivity of the modal
resilience means with the diagonal circuits. Pitch stiffness
of the hydraulic system is preferably configured to be
between zero pitch stiffness (with infinite resilience in the
pitch resilience devices) to the maximum pitch stiffness
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possible (with zero resilience in the pitch resilience de-
vices) depending on the form, construction and connec-
tion of the modal resilience devices in the system.
[0011] Accordingto afurther form of the presentinven-
tion, the volume of the first and second system modal
chambers of at least one said first and second modal
resilience devices may vary with motion of the respective
moveable member(s), said motion deforming, compress-
ing or extending said at least one resilient means. More
preferably, motion of the at least one moveable member
of the first modal resilience device against the at least
one modal resilience means thereof may permit effective
fluid flow from the first diagonal first compression volume
and simultaneously permits effective fluid flow either to
or from the second diagonal second compression vol-
ume. Yet more preferably, motion of the at least one
moveable member of the second modal resilience device
against the at least one modal resilience means thereof
may permit effective fluid flow from the second diagonal
first compression volume and simultaneously permits ef-
fective fluid flow either to or from the first diagonal second
compression volume. Thus, advantageously, the modal
resilience means of each of the modal resilience devices
may thereby provide controlled increased resilience dur-
ing either the roll or pitch motions of the vehicle.

[0012] Preferably, for each modal resilience device,
the volume of the first system modal chamber may vary
in volume in the opposite direction to the volume of the
second system modal chamber thereof with motion of
the at least one moveable member, thereby, controlled
effective fluid flow may be permitted between the asso-
ciated first and second compression volumes.

[0013] Preferably, for each modal resilience device,
the volume of the first system modal chamber may vary
in volume in the same direction as the volume of the
second system modal chamber thereof with motion of
the at least one moveable member, thereby, controlled
simultaneous effective fluid flow may be permitted out of
both or into both of the associated first and second com-
pression volumes.

[0014] Preferably, the first diagonal first compression
volume and the second diagonal first compression vol-
ume may include compression chambers of wheel rams
at the same end of the vehicle, such that the modal re-
silience device may be connected to provide additional
pitch resilience to the hydraulic system.

[0015] Preferably, the first diagonal first compression
volume and the second diagonal first compression vol-
ume may include compression chambers of wheel rams
at the same side of the vehicle, such that the modal re-
silience device may be connected to provide additional
roll resilience to the hydraulic system.

[0016] Preferably, the first diagonal first compression
volume and the second diagonal first compression vol-
ume may include compression chambers of wheel rams
at the same end of the vehicle, such that the modal re-
silience device may be connected to provide additional
roll resilience to the hydraulic system.
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[0017] Preferably, the first diagonal first compression
volume and the second diagonal first compression vol-
ume may include compression chambers of wheel rams
on the same side of the vehicle, such that the modal
resilience device may be connected to provide additional
pitch resilience to the hydraulic system.

[0018] A yet further form of the present invention pro-
vides a hydraulic system for a suspension system for a
vehicle, the vehicle including a vehicle body and at least
one forward pair of wheel assemblies and at least one
rearward pair of wheel assemblies, the suspension sys-
tem including front and rear resilient vehicle support
means between the vehicle body and the wheel assem-
blies forresiliently supporting the vehicle above the wheel
assemblies, the hydraulic system including: at least one
first pair of wheel rams at a first end of the vehicle and
at least one second pair of wheel rams at a second end
of the vehicle; each of the at least one first pair of wheel
rams at a first end of the vehicle including a compression
chamber and a rebound chamber, thereby providing a
first left compression chamber, a first left rebound cham-
ber, a first right compression chamber and a first right
rebound chamber; each of the at least one second pair
of wheelrams including a compression chamber, thereby
providing a second left compression chamber and a sec-
ond right compression chamber; the first left rebound
chamber being connected to the second right compres-
sion chamber and the first right rebound chamber being
connected to the second left compression chamber; and
wherein there is provided at least a first and a second
pitch resilience device, each pitch resilience device in-
cluding at least two pitch chambers and a moveable
member, wherein motion of the moveable member is
controlled by at least one resilient device, the two pitch
chambers varying in volume inversely proportionally to
each other with movement of the moveable member, the
first pitch resilience device including a first left compres-
sion pitch chamber and a second left compression pitch
chamber, the second pitch resilience device including a
first right compression pitch chamber and a second right
compression pitch chamber; the first left compression
chamber being in fluid communication with the first left
compression pitch chamber forming a first left compres-
sion volume, the second left compression chamber being
in fluid communication with the second left compression
pitch chamber, together with the firstright rebound cham-
ber forming a second left compression volume, the first
right compression chamber being in fluid communication
with the first right compression pitch chamber forming a
firstright compression volume, the second right compres-
sion chamber being in fluid communication with the sec-
ond right compression pitch chamber, together with the
first left rebound chamber forming a second right com-
pression volume, such that suspension parameters pro-
vided by the hydraulic system can be independently
tuned from each other.

[0019] There may be provided a pressure accumulator
in fluid communication with at least one of the left com-
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pression volumes and/or a pressure accumulator in fluid
communication with at least one of the right compression
volumes.

[0020] The hydraulic suspension system according to
the present invention allows for the independent tuning
and design of suspension parameters including roll stiff-
ness, roll damping, pitch stiffness, pitch damping and
heave damping. This enables optimisation of a variety of
these suspension parameters.

[0021] The vehicle may be primarily supported by the
resilient vehicle support means. The vehicle support
means may be any known support means such as coil
springs, air springs, torsion bars, leaf springs and rubber
cones. The vehicle support means can, in the case of
coil springs and air springs, be mounted around the wheel
rams or mounted separately.

[0022] Each of the at least one second pair of wheel
rams at the second end of the vehicle may further include
arebound chamber, forming a second leftrebound cham-
ber and a second right rebound chamber, the second left
rebound chamber being connected to the first right com-
pression chamber and forming part of the first right com-
pression volume and the second right rebound chamber
being connected to the first left compression chamber
and forming part of the first left compression volume.
[0023] Each pitch resilience device may comprise a
single primary chamber divided by the moveable member
to form the firstand second compression pitch chambers,
there being a first resilient device located in the first com-
pression pitch chamber and there being a second resil-
ient device located in the second compression pitch
chamber.

[0024] The moveable member may be a piston, a dia-
phragm, or other type of similar device which can allow
a change of fluid volume in the first and second compres-
sion pitch chambers whilst providing a seal such that
there is substantially no fluid flow between the first and
second compression pitch chambers.

[0025] The pitch resilience device may be a mechan-
ical spring such as a coil spring or stack of Belleville wash-
ers, or alternatively the pitch resilience device may be
any form of resilient member such as a rubber or poly-
urethane moulding.

[0026] Alternatively, each pitch resilience device com-
prises a pair of primary chambers, a moveable member
being provided in each primary chamber to form four pitch
resilience device chambers in each pitch resilience de-
vice; wherein two of the pitch resilience device chambers
in each pitch resilience device which vary in volume in-
versely proportionally to each other provide first and sec-
ond compression pitch chambers; and the other two pitch
resilience device chambers in each pitch resilience de-
vice provide first and second pitch control chambers.
[0027] The first pitch control chamber of the first pitch
resilience device may be fluidly connected to the first
pitch control chamber of the second pitch resilience de-
vice and the second pitch control chamber of the first
pitch resilience device may be fluidly connected to the
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second pitch control chamber of the second pitch resil-
ience device.

[0028] The first and second pitch control chambers
may be gas filled to thereby provide a controlled amount
of pitch resilience.

[0029] Alternatively, the first and second pitch control
chambers may be liquid filled and in fluid communication
with respective first and second fluid pressure accumu-
lators. Inthis case, pitch damping means may be included
between the pitch control chambers and the pressure
accumulators for damping said fluid communication. If
the pitch control chambers are in fluid communication
between the first and second pitch resilience devices,
then only one accumulator is required for a pair of first
pitch control chambers and one for a pair of second pitch
control chambers, each pair of pitch control chambers
and the associated accumulator forming a pitch control
volume. If the pitch control chambers are not intercon-
nected between pitch resilience devices then an accu-
mulator may be provided for each pitch control chamber,
each pitch control chamber and associated accumulator
thereby forming a pitch control volume.

[0030] For any configuration of the pitch resilience de-
vices, there may be provided four pitch resilience devic-
es, the first and second pitch resilience devices being
positioned towards a first end of the vehicle and a third
and a fourth pitch resilience device being positioned to-
wards a second end of the vehicle, the third pitch resil-
ience device being connected in parallel to the first pitch
resilience device and the fourth pitch resilience device
being connected in parallel with the second pitch resil-
ience device.

[0031] Additional valves may be provided to block one
or more paths of fluid communication in the hydraulic
system for failsafe and/or dynamic control.

[0032] Where the vehicle support means are the pri-
mary means of vehicle support, all of the volumes in the
hydraulic system can be run at the same pressure. Also,
as the system usually contains hydraulic fluid and gas,
both of which expand with increasing temperature, a
pressure compensation arrangement may be provided
in order to maintain the system static pressure and roll
stiffness within a design range over the design temper-
ature. This pressure compensation arrangement may al-
so be used to compensate for any fluid loss over time.
Therefore, there is provided a pressure maintenance de-
vice connected to each of the system volumes through
respective restrictions or valves. For example, the pres-
sure maintenance device may be connected to the left
and right, first and second compression volumes, and (if
present) to the pitch control volumes.

[0033] The accompanying drawings illustrate possible
arrangements of the present invention. Other arrange-
ments are possible, and consequently the particularity of
the accompanying drawings is not to be understood as
superseding the generality of the preceding description
of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS:
[0034]

Figure 1 shows a schematic view of a first possible
arrangement of a hydraulic system having roll stiff-
ness, rolldamping, pitch stiffness and pitch damping,
according to an embodiment of the present inven-
tion.

Figure 2 shows a schematic view of an alternative
embodiment of the first possible arrangement of the
hydraulic system of Figure 1.

Figure 3 shows a schematic view of a further em-
bodiment of the first possible arrangement of the hy-
draulic system.

Figure 4 shows a schematic view of a second pos-
sible arrangement of a hydraulic system according
to an embodiment of the present invention, being
similarto the firstarrangement, having the same con-
nection sequence, but with different routing of the
conduits.

Figure 5 shows a schematic view of a further em-
bodiment of the second possible arrangement of the
hydraulic system.

Figure 6 shows a schematic view of an alternative
embodiment of the system of Figure 5 and addition-
ally shows a pressure maintenance arrangement.
Figure 7 shows a schematic view of part of a system
according to a preferred embodiment of the present
invention showing a switchable bypass conduit or
passage in parallel with the pitch resilience device
and the pitch dampers.

Figure 8 shows a schematic view of part of a system
according to a further preferred embodiment of the
present invention showing an alternative arrange-
ment of a bypass passage connected in parallel with
only the pitch resilience device.

Figure 9 shows a schematic view of a third possible
arrangement of a hydraulic system according to an
embodiment of the present invention, showing both
asimplified type of pitch resilience device and a mod-
ification to provide an extreme roll moment distribu-
tion.

Figure 10 shows a schematic view of a further ar-
rangement of a hydraulic system according to an em-
bodiment of the presentinvention, showing a respec-
tive pitch resilience device connected between each
front left and right pair of compression chambers and
between each rear left and right pair of compression
chambers.

Figure 11 shows a schematic view of an embodi-
ment similar to the arrangement shown in Figure 10
though including an alternative form of modal resil-
ience device

Figure 12 shows the modal resilience devices of Fig-
ure 11 connected into the hydraulic system of an
embodiment of the present invention with the same
conduit connectivity as in Figures 1 to 4.
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Figure 13 shows an alternative form of modal resil-
ience device applicable to embodiments of the
present invention.
Figure 14 shows a further alternative form of modal
resilience device applicable to embodiments of the
present invention.

DESCRIPTION OF PREFERRED EMBODIMENTS

[0035] Referring initially to figure 1, there is shown a
suspension system for a vehicle. Four wheel rams (11,
12, 13, 14) are located between the vehicle body (not
shown) and four orthogonally disposed wheels (not
shown) ofthe vehicle. Eachwheelramincludes a cylinder
(15, 16, 17, 18) connected to a wheel hub or other sus-
pension geometry to move with the wheel, a piston (19,
20, 21, 22) slidably housed within the cylinder, and a rod
(23, 24, 25, 26) fixed between the piston and the body
of the vehicle. The connection of the rod to the vehicle
body may be by any known means, usually through a
rubber bushing which in the case of MacPherson strut
geometry usually includes a bearing.

[0036] For ease of understanding, the vehicle resilient
supportmeans are shown as "coil-overs", i.e., coil springs
(27, 28, 29, 30) positioned around the wheel ram and
located between a lower spring plate (31, 32, 33, 34)
fixed to the cylinder and an upper spring plate (35, 36,
37, 38) which may be connected to the rod or the vehicle
body (directly or indirectly such as via a bearing or bush-
ing). It should be understood that the resilient support
means may be of any alternative known type such as
variable stiffness coil springs, hydraulic chambers con-
nected to hydro-pneumatic accumulators, air springs or
any combination of these types. The resilient support
means may be located around the cylinder as shown with
the coil springs, integrated into the cylinder (in the case
of the hydraulic chamber) or separate to the ram, which
broadens the possible range of alternative resilient sup-
port means to, for example, torsion bars connected to
the geometry providing wheel location. The resilient sup-
port means at the front of the vehicle may be partially or
fully interconnected to provide support with reduced or
zero roll stiffness and/or the resilient support means at
the rear of the vehicle may be partially or fully intercon-
nected to provide support with reduced or zero roll stiff-
ness as is known and described in patents such as the
applicant's US Patent Number 6,217,047, details of
which are incorporated herein by reference. Also the
wheel ram may be inverted with the cylinder inside an
outer tube, the rod being fixed to the outer tube which in
turn supports the lower spring plate - the upper spring
plate then being mounted either to the cylinder or directly
to the body.

[0037] It should be understood that the hydraulic sys-
tem may also either partially support the vehicle body in
combination with the vehicle resilient support means, or
provide sufficient support of the vehicle body without the
need for the vehicle resilient support means described
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above. As this generally requires higher pressures in the
hydraulic system and larger diameter rods in the wheel
rams, friction is increased, so this is not preferred for
refined on-road vehicle applications.

[0038] The wheel rams shown in the figures are basi-
cally conventional double-acting rams for simplicity. Tak-
ing the front left wheel ram 11 as an example, the piston
19 (which may be formed as an integral part of the rod
23) has two grooves containing a bearing 39 and a seal
40. In some cases, the individual bearing and seal parts
can be replaced by a single item (not shown) which may
be bonded to or formed around the piston for ease of
assembly and low cost. The piston must always include
a seal to prevent fluid flow across the piston between the
compression chamber 45 and the rebound chamber 49.
The cylinder end (41) has three grooves containing a rod
seal 42, a bearing 43 and a rod wiper 44 or other form
of secondary seal such as an excluder. Again some of
these components can be combined, but a seal must be
provided between the rebound chamber and atmos-
phere. Each ram therefore has a compression chamber
(45, 46, 47, 48) and a rebound chamber (49, 50, 51, 52)
formed by the piston (19, 20, 21, 22) within each cylinder
(15, 16, 17, 18).

[0039] The direct damping of each wheel ram can be
accomplished by the provision of compression (53-56)
and rebound (57-60) damper valves mounted on con-
duits (61-66) close to the compression and rebound
chambers of each wheel ram. These damper valves can
be single-acting, working on restricting fluid flow out of
either a compression or a rebound chamber, or they may
be double acting, in which case only one valve (on either
the compression or preferably on the rebound chamber)
may be utilised. These damper valves can be located in
the wheel ram body where there is package space, or
attached to the wheel ram body or in the conduits as
shown.

[0040] Thefourdouble-actingwheelrams are connect-
ed by a pair of diagonal circuits to provide passive de-
coupling of roll and pitch stiffness from heave stiffness.
The first diagonal circuit comprises two fluid volumes be-
ing a front left compression volume and a back right com-
pression volume. The front left compression volume in-
cludes the front left compression chamber 45, a front left
compression conduit 61, a back right rebound conduit 67
and a back right rebound chamber 51. The back right
compression volume similarly includes a back right com-
pression chamber 47, a back right compression conduit
63, a front left rebound conduit 65 and a front left rebound
chamber 49.

[0041] The second diagonal circuit similarly comprises
two fluid volumes being a front right compression volume
and a back left compression volume. The front right com-
pression volume includes the front right compression
chamber 46, a front right compression conduit 62, a back
left rebound conduit 68 and a back left rebound chamber
52. The back left compression volume similarly includes
a back left compression chamber 48, a back left com-
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pression conduit 64, a front right rebound conduit 66 and
a front right rebound chamber 50.

[0042] For this base diagonal connection arrangement
to function, resilience is required. This can be provided
by using a compressible fluid, any type of accumulator
device such as a bladder or diaphragm type or a piston
type with a gas or mechanical spring or by using some
other form of resilience such as hoses with a suitable
pressure expansion characteristic. In Figure 1, a dia-
phragm type hydro-pneumatic accumulator (69, 70, 71,
72) is shown on each of the four compression volumes,
connected to the respective compression volume
through a damper valve (73, 74, 75, 76).

[0043] This base diagonal connection arrangement
would displace fluid as follows: in roll and pitch, fluid vol-
umes corresponding to a compression chamber and the
annular rebound chamber of the diagonally opposite
wheelram are displaced (into or out of any resilient device
such as an accumulator); whereas in heave, only a fluid
volume corresponding to a rod volume (compression
chamber minus annular rebound chamber) would be dis-
placed (into or out of the resilient device). The high rel-
ative volume displaced into the compression volume ac-
cumulators (69 to 72) in the roll and pitch modes relative
to the heave mode gives a higher roll and pitch stiffness
than heave stiffness. There is also a higher fluid flow rate
through the compression volume accumulator damper
valves (73 to 76) in the roll and pitch modes relative to
the heave mode thereby conferring a higher damping
rate in the roll and pitch modes relative to heave.
[0044] However the first and second diagonal circuits
are connected by at least a first and a second pitch re-
silience device (81, 82) to provide additional resilience
in the hydraulic system in the pitch mode. The first pitch
resilience device (81) is connected between the front left
compression volume and the back left compression vol-
ume. Similarly, the second pitch resilience device (82) is
connected between the front right compression volume
and the back right compression volume. The pitch stiff-
ness of the hydraulic system can be designed to be an-
ywhere in the region from zero pitch stiffness (with infinite
resilience in the pitch resilience devices) to the maximum
pitch stiffness possible (with zero resilience in the pitch
resilience devices). This maximum pitch stiffness is the
same as the pitch stiffness of the basic arrangement of
the two diagonal circuits (without any pitch resilience de-
vices) and is determined by the roll stiffness of the hy-
draulic system and the geometry of the suspension lo-
cating components of the vehicle.

[0045] Damping the pitch resilience provides modal
pitch damping, i.e., the pitch mode of the hydraulic sys-
tem is damped, while providing little or no damping effect
on pure roll and heave motions. In addition, the wheel
damper valves can be used to provide a damping force
in pitch motions, but as the wheel dampers are not modal
dampers, that damping force acts directly, in all modes,
and will be present in roll, warp and heave also. The
damping means which are used to damp the resilience
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in the pitch resilience devices are referred to herein as
pitch dampers.

[0046] In Figure 1, the pitch resilience devices are
shown as hydraulic cylinder arrangements with hydro-
pneumatic springs. Looking initially at the first pitch re-
silience device 81, there is provided two axially aligned
cylinder bores (83 and 86), separated by a central wall
(87). Each cylinder bore is divided into two chambers (89
and 97; 92 and 100) by a piston (101, 104), the two pis-
tons being connected by a rod (105), the two pistons and
the rod together forming a piston rod assembly. As
shown, the frontmost chamber 83 is a front left compres-
sion pitch chamber and is connected to the front left com-
pression volume of the hydraulic system by the front left
compression pitch conduit 93. Similarly, the rearmost
chamber 92 is a rear left compression pitch chamber and
is connected to the rear left compression volume by the
rear left compression pitch conduit 96.

[0047] The frontmost central chamber 97 is a front left
pitch control chamber and is connected to a frontleft pitch
resilience accumulator 107 via a front left pitch resilience
control conduit 111 and a pitch damper valve 115. Sim-
ilarly, the rearmost central chamber 100 is a back left
pitch control chamber and is connected to a back left
pitch resilience accumulator 110 via a back left pitch re-
silience control conduit 114 and a pitch damper valve
118.

The operation of the hydraulic system is basically as fol-
lows:

In heave, fluid volumes corresponding to the left and right
rod volumes of the wheel rams are displaced into or out
of the compression volume accumulators (69, 70, 71 and
72). The rod volumes are generally small in relation to
the accumulator gas volumes, so the pressure change
in heave is also small, which acting over effectively only
the rod areas, provides little change in wheel force.
Therefore the hydraulic system has very low heave stiff-
ness. The low fluid flows into the compression volume
accumulators (69 to 72) also give a low flow rate through
the compression volume damper valves (73 to 76), giving
little heave damping effect from these damper valves. If
the volume of fluid displaced from the individual wheel
rams is not matched frontto rear and/or if the piston areas
in the pitch resilience devices do not match the pressure
change in the front and rear compression volumes, then
some motion of the pitch resilience device piston rod as-
semblies will occur in pure heave motions.

[0048] In roll, for example when making a right turn
causing the vehicle to roll to the left, the front left and
back left compression volumes increase in pressure (due
to fluid from the front left compression chamber 45 and
the back right rebound chamber 51 entering the front left
compression volume accumulator 69, and due to fluid
from the back left compression chamber 48 and the front
right rebound chamber 50 entering the back left com-
pression volume accumulator 72) and the right compres-
sion volume reduces in pressure (due to fluid entering
the front right compression chamber 46 and the back left
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rebound chamber 52 from the front right compression
volume accumulator 70, and due to fluid entering the back
right compression chamber 47 and the front left rebound
chamber 49 from the accumulator 71) thereby providing
the necessary roll couple. The pitch resilience devices
81 and 82 react the roll loads on the hydraulic system by
ensuring that the pressures generated in the compres-
sion volumes and therefore the pitch chambers for one
side of the vehicle are reacted across a solid piston or
piston rod assembly. Therefore, in a hydraulic system
with equal sized wheel rams front and rear, equal front
and rear mechanical advantage in on the wheel rams,
equal stiffness of the front and rear compression volumes
and their accumulators and equal sized pitch resilience
device cylinder bores (83, 84, 85, 86) there is no motion
of the pitch resilience device piston and rod assemblies
in pure roll. To set the roll moment distribution of the
hydraulic system to something other than fifty percent,
the size of the wheel rams can be different from front to
rear, or the front and rear portions of each pitch resilience
device can be of differing bore diameter (this latter option
being less effective), in which case there can be some
small motion of the piston rod assembly in each pitch
resilience device during pure roll motions.

[0049] As the roll moment distribution of the hydraulic
system may not match the roll moment distribution of the
suspension system as a whole (due to the coil spring
rates, front to back bushing stiffness differences, etc) it
may be necessary to provide different levels of roll damp-
ing on the front wheels compared to the back wheels.
The easiest way to gain additional roll damping at one
end of the vehicle is to use the rebound and compression
wheel damper valves (53 to 60), although this can, de-
pending on the magnitude, reduce the modal damping
benefits of the hydraulic system. An alternative method
is to change the balance between the front compression
volume accumulator damper valves, the rear compres-
sion volume accumulator damper valves and the pitch
damper valves. Changing this balance can also influence
the motion of the piston rod assemblies in the pitch re-
silience device as the vehicle undergoes a roll motion.
[0050] In pitch, for example when braking, fluid is dis-
placed out of the front ram compression chambers 45,
46 and the back ram rebound chambers 51, 52, through
the front compression conduits 61, 62 and into the front
compression volume accumulators 69, 70 and the front
compression pitch chambers 89, 90 (through the front
compression pitch conduits 93, 94). The balance of fluid
flow is determined by the balance between the stiffness
(and damping) of the basic X-layout arrangement of com-
pression conduits and accumulators as described above,
and the stiffness (and damping) of the pitch resilience
means. The stiffness of the pitch resilience means is
tuneable through the layout and the rod, bore and accu-
mulator sizing, along with the accumulator pre-charge
and the static hydraulic operating pressure of the system.
The damping ofthe pitch resilience device can be through
the pitch damper valves (115 and 116; and/or 117 and
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118) which are part of the pitch resilience device as
shown in Figure 1 and/or through separate pitch damper
valves in the pitch conduits (93 and 94; and/or 95 and 96).
[0051] As the pressure in the front compression pitch
chambers increases and the piston rod assemblies in the
pitch resilience devices are displaced, fluid is displaced
out of the front pitch control chambers 97, 98 through the
front pitch damper valves 115, 116 into the front pitch
accumulators 107, 108, increasing the pressure in the
front pitch control chambers and providing a damped
pitch resilience. The motion of the piston rod assemblies
in the pitch resilience devices also displaces fluid out of
the back compression pitch chambers 91, 92 through the
back compression pitch conduits 95, 96 into the back
compression conduits providing fluid flow into the front
ram rebound chambers and the back ram compression
chambers, permitting the vehicle to pitch. This pitch mo-
tion is controlled by the resilience and damping of the
pitch resilience devices 81, 82.

[0052] As can be readily understood, in braking (or in
any similar direction pitch motion of the wheels with re-
spect to the vehicle body), fluid is transferred between
the front and rear compression volumes in this single
direction through the pitch conduits (93 to 96) and the
first and second pitch resilience devices 81, 82. During
pitch motions of the opposite sense, for example when
accelerating, fluid flows in the opposite direction through
the pitch conduits (93 to 96) and the first and second
pitch resilience devices 81, 82. Therefore it is preferable
to use different resilience and damping characteristics
for flow in the two different pitch directions, to thereby
give independent control of the braking direction pitch
damping and the acceleration direction pitch damping.
This is clearly desirable. as the pitch velocities, acceler-
ations, peak forces and general requirements (such as
trade off between forces for control and comfort) can be
very different in the two directions.

[0053] If the roll moment distribution of the hydraulic
system is not 50%, or due to geometry or other effects,
the effective pitch stiffness and the pitch damping force
produced by the hydraulic system may not be matched
from one end of the vehicle to the other. The wheel damp-
er valves can be used to compensate for any difference
in front to rear pitch damper effect, especially as this dif-
ference is usually in the same direction as any imbalance
in roll damping, which can also be additionally provided
by the wheel damper valves, the hydraulic system still
providing a better compromise than a conventional sus-
pension system.

[0054] In warp, fluid volumes corresponding to the rod
volumes from one diagonal circuit are passed into the
other diagonal circuit through the first and second pitch
resilience devices (81, 82). Therefore the hydraulic sys-
tem has a very low warp stiffness which is, in part, de-
termined by the heave stiffness, then further reduced by
the pitch resilience. Warp damping can primarily be pro-
vided by the wheel damper valves.

[0055] Aswill be apparentto one skilled in the art, there

10

15

20

25

30

35

40

45

50

55

are many variations possible to the pitch resilience ar-
rangement in Figure 1, such as using alternative forms
of resilience in place of the accumulators, using different
styles and placements of pitch dampers and changing
the connection sequence of the chambers in the pitch
resilience device. For example, the rearmost chamber
92 could be connected to the front left compression vol-
ume by the front left compression pitch conduit 93, the
rearmost central chamber 100 could be connected to the
back left compression volume by the back left compres-
sion pitch conduit 96, the frontmost chamber 89 would
then be the front left pitch control chamber and the front-
most central chamber 97 would be the back left pitch
control chamber. These changes made to the first pitch
resilience device 81 can be mirrored in the second pitch
resilience device 82. Indeed to maintain the functionality
of the pitchresilience devices of a system shown in Figure
1, the required connectivity can be described generically
as follows, using the two sides of the vehicle as first and
second sides: Any chamber of say the first pitch resilience
device 81 can be set as a first front system chamber,
connected to the first front compression volume, then the
chamber which varies in volume in the same direction as
thefirst front system chamber is the first back pitch control
chamber. Then one of the remaining chambers (which
must both by definition vary in volume in the opposite
direction (ie inversely proportionally) to the first front sys-
tem chamber with motion of the piston and rod assem-
blies) is a first back system chamber and the other re-
maining chamber is a first front pitch control chamber.
[0056] In Figure 1 the pitch damper valves are shown
between the cylinders of the pitch resilience devices and
the actual resilience, i.e., the accumulators. In this case,
the damper valves can be single-acting and only provide
a significant damping pressure drop for fluid flow into the
respective accumulators, with a negligible pressure drop
for fluid flow out of the accumulators. Alternatively, a sin-
gle-acting pitch damper valve can be used in each pitch
conduit (93-96), or one double-acting pitch damper valve
can be used in one of the left pitch conduits (93, 96) and
one double-acting pitch damper valve can be used in one
of the right pitch conduits (94, 95). This pitch damper
valve may be a passive orifice, a passive multi-stage
damper valve or any form of variable damper valve and
may even provide for complete blocking of the pitch con-
duits. The pitch damper may be a single, double-acting
valve or two single-acting valves and may include a lock-
off or blocking valve or any other known form of control-
lable restriction. Alternatively, the pitch damper may be
of any known form, such as a simple switched damper
incorporating a switchable bypass around each pitch
damper valve or a simple controlled bleed orifice. If the
valves include a lockout or blocking feature, they can be
used as part of a failsafe function as discussed later in
this document.

[0057] An alternative arrangement of the pitch resil-
ience device 81, 82 is shown in Figure 2. Like items are
assigned like reference numerals. The basic cylinder and
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piston rod assembly is similar to thatin Figure 1. However
in Figure 2, one of the possible alternative forms of resil-
ience is shown in place of the hydro-pneumatic accumu-
lators. Coil springs (131 to 134) are located in the central
pitch control chambers. The free length of the coil springs
can be chosen to give the desired resilience vs deflection
of the pitch resilience device piston rod assemblies. For
example, if the free length of the springs is less than the
stroke of the piston, then the pitch stiffness under small
displacements will be greater than the pitch stiffness dur-
ing larger displacements, which can be advantageous in
that it can control the body attitude with longitudinal ac-
celeration over flat surfaces and also limit peak force
while absorbing speed bump type inputs. Similarly, the
coil springs can each be of varying stiffness using spring
design techniques such as varying coil diameter, wire
diameter and/or coil pitch. Any form of alternative me-
chanical spring such as Belleville washers or resilient
members (for example elastomers such as urethane or
rubber) can be substituted for the coil springs. Alterna-
tively the central pitch control conduits can be gas filled
and act as gas springs.

[0058] Damping of the pitch resilience device can be
through damper valves 135 to 138 in the pitch conduits
93 to 96 (as discussed as an option for Figure 1). The
central pitch control chambers can be filled with fluid at
the same pressure as the other hydraulic volumes of the
system to aid free motion of the pitch resilience device
pistons (101 to 104). If the pitch control chambers are
fluid filled, then a vent passage 139, 140 needs to be
made between the front and rear front and rear pitch con-
trol chambers, to prevent hydraulic lock and to permit the
piston rod assemblies to move. These vent passages
can be free flowing, or alternatively they may be used to
control fluid flow between the front and rear pitch control
chambers and thereby provide pitch damping in addition
to or instead of the pitch damper valves 135 to 138 in the
pitch conduits. The vent passages can therefore include
any form of damper valve (such as passive single or multi-
stage or active damper valves).

[0059] Figure 3 shows a further alternative arrange-
ment of the pitch resilience device 81, 82 in a hydraulic
system similar to that in Figure 1. Again both pitch resil-
ience devices are constructed the same, so the pitch re-
silience device 81 on the left hand side will be explained
in detail. In this case the pitch resilience device 81 com-
prises a single cylinder 151, having a bore and end caps.
The cylinder is divided by a piston 153, into two chambers
(a front left compression pitch chamber 89 and a back
left compression pitch chamber 92). The pitch chambers
89, 92 are connected to the corresponding front left pitch
volume and back left pitch volume through respective
front and back left compression pitch conduits 93, 96 into
the front left compression conduit (61) and the back left
compression conduit (64). A rod 155, 158 extends from
each side of the piston. 153 through the pitch chambers
89, 92 and has a washer or plate 159, 162 at each end.
Between each plate 159, 162 and the end caps of the
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cylinder 151 is a resilient means such as an elastomeric
member 163, 166. There is also a damper unit 167 at-
tached between the end of at least one of the rods and
the cylinder. Thus as the pitch resilience device transfers
fluid between the front and back compression volumes,
the piston and rods slide back and forth, compressing
the resilient means and therefore providing a controlled
amount of pitch resilience, the damper unit 167 providing
damping of this pitch resilience.

[0060] An alternative arrangementofthe hydraulic sys-
tem is shown in Figure 4. Although the layout of the hy-
draulic lines appears different to that of Figures 1, 2 and
3, the connectivity is the same. The routing of the com-
pression and rebound conduits around the vehicle clearly
affects the length of those conduits and in turn the fluid
friction resisting flow through the conduits, the compress-
ible volume of fluid in the system and the mass of fluid
accelerated around the vehicle. To achieve the best ride
comfort with small diameter conduits that can be easily
packaged, the routing of the compression and rebound
conduits is therefore important. The layout of lines in Fig-
ure 4 suits a vehicle with a forward roll moment distribu-
tion. In this case, the two front wheel rams would have a
larger fluid volume and flow and so the pitch resilience
devices are located closer to the high flow front wheel
rams than the lower flow rear wheel rams.

[0061] A further alternative arrangement of the pitch
resilience device is also shown in Figure 4. Again taking
the example of the left pitch resilience device 81, it can
be seen that the basic arrangement of the device is sim-
ilarto that in Figures 2 and 3, utilising mechanical springs
as the resilient means but with a diaphragm separating
the front and rear left compression pitch chambers. The
body of the pitch resilience device 81 has two halves 181,
182 having the diaphragm 185 sandwiched therebe-
tween and the halves are held together by a ring 187. In
this case, the front left pitch resilience spring 131 is a coil
spring located in the back left compression pitch chamber
92,

[0062] A furtheralternative arrangementof the hydrau-
lic system is shown in Figure 5. This again has the same
general connectivity of the other figures, with the addition
of a supplementary pair of pitch resilience devices in par-
allel with the first and second pitch resilience devices 81,
82. The support coil springs shown around the wheel
rams in Figures 1 to 4 have been omitted and the wheel
rams themselves (11 to 14) are shown inverted. As will
be apparent to one skilled in the art, the wheel rams may
be used in a wide variety of vehicle suspension arrange-
ments and may be mounted separate to the support
springs of the vehicle. For example, with the wheel rams
inverted as shown, although the fluid from the rebound
chambers is shown as exiting the wheel ram adjacent
the rebound chamber for clarity, the fluid from the re-
bound chamber may flow up a pipe alongside the cylinder
bore, or flow through an annular passage around the cyl-
inder bore. The latter arrangement is frequently used in
‘coil-over’ arrangements as the outer surface of the wheel
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ram is actually the outer surface of a sleeve carrying re-
bound fluid around the cylinder bore. The outer surface
of the rebound fluid sleeve can be used as a bearing
surface, with a lower tube attached to the wheel geometry
(or directly to the hub in the case of a McPherson strut
arrangement) being used to transfer the bending loads
in the wheel ram between the lower tube and the outer
surface of the rebound fluid sleeve. This arrangement is
known in conventional "shock-absorber" designs for ve-
hicles such as rally cars with McPherson strut geometry
as higher bending loads can be withstood. The design
has the additional advantages that the wheel ram rod
can be of smaller diameter, giving a greater rebound an-
nular pressure area for a given piston compression area,
and the that the compression and rebound fluid ports for
the wheel ram can be at the top of the wheel ram, where
movement is at a minimum and where they can easily
be passed through the inner wing and protected from
road grime and stones for example.

[0063] The layout of the front end of the vehicle in Fig-
ure 5is similar to that shownin Figure 4. The arrangement
at the front is duplicated at the rear with longitudinal con-
duits 203 to 206 connecting the additional pitch resilience
devices 201, 202 at the rear of the vehicle in parallel with
the first and second pitch resilience devices 81, 82 at the
front of the vehicle. All four pitch resilience devices are
of the same type, the construction of the first pitch resil-
ience device being described below by way of example.
[0064] The pitch resilience device 81 is similar to that
in Figure 3, having a single cylinder 151 separated into
a front left compression pitch chamber 89 and a back
right compression pitch chamber 92 by a piston 153. As
the back right compression pitch chamber 92 is connect-
ed to both the compression chamber of the back right
wheel ram and the rebound chamber of the front left
wheelram and as there is now a duplicate pitch resilience
device atthe back of the vehicle also communicating with
these two wheel ram chambers, it will be convenient for
understanding to refer to the back right compression pitch
chamber 92 of the first pitch resilience device 81 as the
front left rebound pitch chamber 92. As in Figure 4, the
resilience in the pitch resilience device is provided by coil
springs (although a stack of Belleville washers or any
other suitable form of resilient member could be used).
The cylinder 151 and piston 153 are shaped to receive
the coil springs. Indeed, as there is no rod to align the
piston in the cylinder bore, the piston is of alonger design
to also provide stable alignment of the piston within the
cylinder, the piston including a bearing at either end, and
a central seal.

[0065] The layout of the hydraulic system can be ex-
plained as follows. At the front of the vehicle, the com-
pression chamber 45 of the front left wheel ram is con-
nected (through a wheel damper valve) to the front left
compression conduit 61. The rebound chamber 50 of the
front right wheel ram is connected (through a wheel
damper valve) to the front right rebound conduit 66. The
front left compression chamber 89 of the first (or front left
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compression) pitch resilience device 81 is connected to
the front left compression conduit 61 through the front
left compression pitch conduit 93 and the optional pitch
damper valve 135. The back left compression (or front
right rebound) chamber 92 of the front left compression
pitch resilience device 81 is connected to the front right
rebound conduit 66 through the front right rebound pitch
conduit 96 and the optional pitch damper valve 138. For
pitch damping to be present, the flow in both directions
through the front left compression pitch resilience device
must be damped using one or a combination of both pitch
damper valves 135 and 138.

[0066] Similarly, the second (or front right compres-
sion) pitch resilience device 82 has its front right com-
pression pitch chamber 90 connected to the front right
compression conduit 62 through the front right compres-
sion pitch conduit 94 and the optional pitch damper valve
136. The back right compression (or front left rebound)
chamber 91 of the front right compression pitch resilience
device 82 is connected to the front left rebound conduit
65 through the front left rebound pitch conduit 95 and the
optional pitch damper valve 137. Again, for pitch damping
to be present, the flow in both directions through the front
right compression pitch resilience device must be
damped using one or a combination of both pitch damper
valves 136 and 137.

[0067] As discussed above, the arrangement of front
conduits and front compression pitch resilience devices
is duplicated for the back wheel rams. A third (or back
left compression) pitch resilience device 201 has a back
left compression pitch chamber 209 connected to the
back left compression conduit 64 (via a back left com-
pression pitch conduit 223 and an optional pitch damper
valve 219) and a back right rebound pitch chamber 212
connected to the back right rebound conduit 67 (via a
backrightrebound pitch conduit 226 and an optional pitch
damper valve 222). Similarly, a fourth (or back right com-
pression) pitch resilience device 202 has a back right
compression pitch chamber 210 connected to the back
right compression conduit 63 (via a back right compres-
sion pitch conduit 224 and an optional pitch damper 220)
and a back left rebound pitch chamber 211 connected to
the back left rebound conduit 68 (via a back left rebound
pitch conduit 225 and an optional pitch damper 221).
Again, for pitch damping to be present, the flow in both
directions through the back left compression pitch resil-
ience device 201 must be damped using one or a com-
bination of both pitch damper valves 219 and 222, and
the flow in both directions through the back right com-
pression pitch resilience device 202 must be damped
using one or a combination of both 220 and 221.
[0068] The longitudinal conduits connect the front and
rear arrangements together, maintaining the same con-
nectivity between diagonally opposed rams as in Figures
1to 4. The frontleft compression longitudinal conduit 203
connects the front left compression conduit 61 directly
with the back right rebound conduit 67, the front right
compression longitudinal conduit 204 connects the front
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right compression conduit 62 directly with the back left
rebound conduit 68, the back right compression longitu-
dinal conduit 205 connects the back right compression
conduit 63 directly with the front left rebound conduit 65,
and the back left compression longitudinal conduit 206
connects the back left compression conduit 64 directly
with the front right rebound conduit 66.

[0069] The front left compression volume now com-
prises the compression chamber 45 of the front left wheel
ram 11, the front left compression conduit 61, the front
left compression pitch conduit 93, the front left compres-
sion pitch chamber 89, the front left compression longi-
tudinal conduit 203, the back right rebound pitch conduit
226, the back right rebound pitch chamber 212, the back
right rebound conduit 67 and the rebound chamber 51
of the back right wheel ram 13. Similarly, the front right
compression volume now comprises the compression
chamber 46 of the front right wheel ram 12, the front right
compression conduit 62, the frontright compression pitch
conduit 94, the front right compression pitch chamber 90,
the front right compression longitudinal conduit 204, the
back left rebound pitch conduit 225, the back left rebound
pitch chamber 211, the back left rebound conduit 68 and
the rebound chamber 52 of the back left wheel ram 14.
The back right compression volume now comprises the
compression chamber 47 of the back right wheel ram 13,
the back right compression conduit 63, the back right
compression pitch conduit 224, the back right compres-
sion pitch chamber 210, the back right compression lon-
gitudinal conduit 205, the front left rebound pitch conduit
95, the front left rebound pitch chamber 91, the front left
rebound conduit 65 and the rebound chamber 49 of the
frontleftwheelram 11. The back left compression volume
now comprises the compression chamber 48 of the back
left wheel ram 14, the back left compression conduit 64,
the back left compression pitch conduit 223, the back left
compression pitch chamber 209, the back left compres-
sion longitudinal conduit 206, the front right rebound pitch
conduit 96, the front right rebound pitch chamber 92, the
front right rebound conduit 66 and the rebound chamber
50 of the front right wheel ram 12.

[0070] The arrangementin Figure 5 operates in a sim-
ilar manner to the arrangements in the other figures. For
example, when turning to the right, the load on the left
wheelrams 11 and 14 increases and the load on the right
wheel rams 12 and 13 decreases. The increase in pres-
sure in the front left compression volume is balanced
across the piston 153 of the front left compression pitch
resilience device 81 and the piston 213 of the back left
compression pitch resilience device 201 by the increase
in pressure in the back left compression volume. Similarly
the decrease in pressure in the front right compression
volume is balanced across the piston 154 of the front
right compression pitch resilience device 82 and the pis-
ton 214 of the back right compression pitch resilience
device 202 by the decrease in pressure in the back right
compression volume. For vehicles with a 50% roll mo-
ment distribution and equal pitch resilience device pis-
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tons (153, 154, 213, 214) and springs (131-134 and
215-218), the deflection of the pistons 153, 154, 213 and
214 will be negligible while achieving this pressure bal-
ance in pure roll motions.

[0071] When braking, the load on the front wheel rams
11 and 12 increases and the load on the back wheel rams
13 and 14 decreases. The increase in pressure in the
front left compression volume and the decrease in pres-
sure in the back left compression volume causes the pis-
tons 153 and 213 to displace (in opposite directions in
the figure) compressing the front left compression pitch
spring 131 and the back right rebound pitch spring 218.
Similarly, the increase in pressure in the front right com-
pression volume and the decrease in pressure in the back
right compression volume causes the pistons 154 and
214 to displace (in opposite directions in the figure) com-
pressing the front right compression pitch spring 132 and
the back left rebound pitch spring 217. The resilience of
the pitch springs controls the additional resilience in the
hydraulic system in pitch motions, asin the earlier figures,
with the front and back compression pitch resilience de-
vices acting in parallel.

[0072] Figure 6 shows additional modifications to the
hydraulic system of Figure 5, although similar modifica-
tions are possible to any of the arrangements of the hy-
draulic system. As the hydraulic system is not the primary
means of support (i.e., the coil springs - or air, torsion,
etc. springs provide a large portion of the vehicle support)
the four main volumes in the system (the previously de-
fined front left, front right, back right and back left com-
pression volumes) can be operated at a common static
pre-charge pressure. An advantage of operating all vol-
umes at the same static pre-charge pressure is that pres-
sure differentials across piston seals throughout the sys-
tem are eliminated and so therefore are attitude changes
caused by fluid leakage between the systems, and the
need for a powered control system which can pump fluid
between the volumes. There is therefore, a pressure
maintenance device 236 provided, which is connected
to the front and back left and right compression volumes.
Clearly, if there are more volumes in the system, addi-
tional connections can be provided. The connection be-
tween the pressure maintenance device and the front
volumes is through a conduit or passage 237 and through
front pressure maintenance valves 239. Similarly, the
connection between the pressure maintenance device
and the back volumes is through a conduit or passage
238 and through back pressure maintenance valves 240.
[0073] The valves can be simple restrictions, solenoid
valves or spool valves for example. In the figure they are
illustrated as simple restrictions, each of which are typi-
cally amicro orifice with filters either side to prevent block-
age, although any known restrictive means may be used.
The orifice is sized to provide the characteristics required
to maintain the pressures in the system volumes within
an acceptable range whilst preventing significant fluid
flow during cornering or braking to maintain the static roll
and pitch attitude within an acceptable range when re-
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turning to straight line running.

[0074] Although the pressure maintenance device 236
may be omitted, changes in the volumes of fluid and gas
in the hydraulic system and its accumulators through the
operating temperature range of the vehicle are usually
large enough to require some form of compensation de-
vice. The complexity of this device can vary significantly,
depending on the design parameters and the functional-
ity required.

[0075] In its simplest form, the pressure maintenance
device (236) can be a simple accumulator with any known
construction (for example bladder-type with gas spring,
piston-type with gas spring or with mechanical spring).
[0076] Alternatively the pressure maintenance device
(236) can use a fluid pressure source (such as a tank
with a pump, or another vehicle system such as the power
steering) to maintain the pressure in the hydraulic sus-
pension volumes to either a fixed or a variable pressure.
[0077] The front and back system volumes can be
maintained to different pressures.

[0078] If a fixed pressure is chosen, the components
required can be simple, cheap, passive, mechanical
parts, however as the system temperature changes, the
system stiffness will change slightly. To maintain the sys-
tem stiffness characteristics constant with varying tem-
perature, the pressure in the systems must be adjusted
in dependence on their temperature, which generally re-
quires one or more temperature sensors, at least one
variable pressure switch or pressure transducer and an
electronic control unit.

[0079] As the roll stiffness of the hydraulic suspension
system can be adjusted by changing the pressure in the
systems, if a pressure maintenance device (236) with
variable pressure set-points is used, the pressure can be
varied in dependence on the load in the vehicle, by a
driver operated mode or variable selector and/or in de-
pendence on other parameters such as detected driving
style and road surface input amplitude.

[0080] If the static pressure in the front and rear, left
and right compression volumes is always set to a com-
mon pressure, only one conduit is required between the
pressure maintenance device and the restrictions or
valves. However, to provide a more failsafe system, at
least a front and a rear conduit can be provided as shown
in Figure 6. Then the pressure maintenance device can,
for example, have duplicated components so that loss of
fluid from one of the front or rear compression volumes
does not cause the fluid from the other volumes to be
lostinto the failed leaking volume. Indeed, if enough com-
ponents are added, all of the hydraulic volumes of the
system can have independent pressure maintenance for
the best performance in the event of a failure.

[0081] Thus, if the pressure maintenance device is de-
signed to provide two regulated pressures and is con-
nected, for example to the left and right compression vol-
umes by independent conduits (with or even without re-
strictions) then the pressure in the two left compression
volumes can be controlled to be different to the pressure
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in the two right compression volumes to offset a static
roll load on the vehicle for example due to an offset pay-
load. Alternatively, or additionally, active roll control com-
ponents can be added on to the system to provide an
offset in the passive roll angle of the vehicle during turn-
ing, or completely compensate for all resilience in the
hydraulic system and maintain a zero roll angle. The com-
ponents (pump, tank, valves, sensors and controllers for
many different algorithms) are all well known.

[0082] Similarly, if the pressure maintenance device is
designed to provide two regulated pressures and is con-
nected, for example to the front and rear compression
volumes by independent conduits (as shown in Figure 6)
then the pressure in the two front compression volumes
can be controlled to be different to the pressure in the
two back compression volumes. Similar passive offset
adjustment or active control of the pitch angle can then
be added.

[0083] Four regulated pressures can be provided to
enable control of roll and pitch attitude and stiffness. The
control can be based on any common inputs such as
pressure, displacement, acceleration and a driver oper-
ated selector.

[0084] The pressure maintenance unit is intended to
be applicable to all forms of the hydraulic system accord-
ing to the presentinvention, so applying a pressure main-
tenance unit to a system as shown in Figure 1, in com-
bination with either a common or shared front pitch cham-
ber pressure regulation and a common or shared back
pitch chamber pressure regulation, or one shared regu-
lated pressure or fourindependent regulated pitch cham-
ber pressures, is envisaged, as the ability to adjust pitch
stiffness is provided by multiple or variable regulating
pressure(s) using any known method such as those dis-
cussed above in relation to providing adjustable roll stiff-
ness and/or attitude .

[0085] Also in Figure 6, a lock out valve (241 to 244)
is shown in each of the compression conduits 61 to 64.
These lockout valves can be used to make the stiffness
of the front and/or the back wheel rams very high to limit
or prevent lift of a single wheel under extreme lateral
and/or longitudinal acceleration. They can improve the
stability of vehicles (especially those with a poor ratio of
track to centre of mass height) in extreme manoeuvres,
but also decrease the comfort of the vehicle. Therefore
the minimum number of valves should be closed at the
latest possible moment during such manoeuvres, pref-
erably at or just after the predicted point of wheel lift. The
point at which a vehicle wheel lifts can be predicted using
a variety of control inputs such as one or more of the
following: steering angle, steering rate, vehicle speed,
lateral acceleration, throttle position, brake position, lon-
gitudinal acceleration, vertical acceleration, pitch rate,
roll rate, wheel positions and the pressures in at least the
four compression volumes of the hydraulic system. For
example, when accelerating at large throttle openings
from low speed with a high steering angle, it is possible
on some vehicles to lift a front wheel. When this happens,
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or close to the predicted point that this happens, it is
preferable to close the back right compression conduit
lockout valve 243. One preferred alternative is to close
both the back right and back left compression conduit
lockout valves 243 and 244 (preferably only when back
accumulators are provided to retain resilience in the
blocked parts of the back right and back left compression
volumes). If this is the only condition under which wheel
lift can be generated, only these two back valves 243 and
244 need to be present on the vehicle. Further alterna-
tives are to close the front right and back right compres-
sion conduit lockout valves 242 and 243 or all four com-
pression valves or any combination. A yet further alter-
native is to close one or more valves (not shown) located
in the rebound conduits 65 to 68, either in isolation or in
combination with closing other lockout valves in the hy-
draulic system.

[0086] Also shown in Figure 6 is a lockout valve 245
to 248 in each of the longitudinal conduits 203 to 206.
These valves can also be used to limit wheel lift of the
vehicle as described above, or to switch the roll moment
distribution of the vehicle, as they isolate the front ar-
rangement from the rear arrangement. However, these
valves are in the positions preferred for isolating parts of
the system in the case of failure of the hydraulic system.
This failsafe function can be activated by mechanical or
electrical/electronic control dependent on one or more
inputs such as vehicle speed, steering angle, lateral ac-
celeration, throttle position, brake position, longitudinal
acceleration, wheel displacements, vertical acceleration,
pressures in the system volumes and/or valve positions.
The vehicle can be driven safely in a "limp home" mode
when one of the hydraulic volumes has failed.

[0087] The failsafe operation of the valves can be in-
tegrated into, or also output to the pressure maintenance
device 236. For example, if the front left compression
volume loses fluid due to a failure, the lockout valve 245
in the front left compression longitudinal conduit 203 can
be closed and the pressure maintenance device can be
isolated from the failed volume. This can be done by de-
tecting if the fluid loss occurred from the front left com-
pression side or from the back right rebound side of the
lockout valve 245. Ifthe fluid loss is detected as occurring
from the front left compression side of the lockout valve,
then the pressure maintenance connection to that (and
any other shared volume if it cannot be isolated inde-
pendently) can be blocked.

[0088] A further alternative failsafe and/or wheel lift
valve location is in the pitch conduits 93 to 96 and 223
to 226. Any or all of the pitch damper valves 135 to 138
and 219 to 222 may be variable valves that can be re-
stricted down to zero flow. Alternatively, lockout valves
may be positioned in at least one of the pitch conduits
attached to each pitch resilience device. When these
lockout valves are closed, the operation of the system
reverts to that of two independent diagonal pairs of vol-
umes so the mechanism used to generate the roll stiff-
ness also now generates a pitch stiffness. Therefore,
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when these valves are closed, the pitch stiffness and
damping of the hydraulic system are no longer decoupled
from the roll stiffness and damping. While these lockout
valves can also reduce wheel lift, they have the primary
advantage of returning the system to four hydraulic vol-
umes so if there is a failure - closing the valves should
leave 3 volumes operational for a "limp home" mode. The
removal of the pitch resilience of the pitch resilience de-
vice when the valves are closed can be used as a brake
dive dynamic control type feature.

[0089] Other dynamic controls can also be provided
utilising lockout valves or variable restriction valves. For
example, there are a number of methods for adding a
switchable roll stiffness feature to switch between a high
and low roll stiffness setting, as opposed to the variable
roll stiffness feature provided by changing the operating
pressure of the hydraulic system. Where front and rear
compression volume accumulators are provided, the ac-
cumulators at one end of the vehicle can be provided
with valves to selectively block them off completely from
the hydraulic system. For example, during straight line
running of the vehicle, when a lower roll is required, the
valves between the rear compression volumes and the
associated accumulators can be open to give a low roll
stiffness. Then when a higher roll stiffness is desired,
such as during cornering, the valves can be closed to
block the communication between the rear compression
volumes and the associated accumulators.

[0090] Another alternative method of adding a switch-
able roll stiffness feature to the present invention is to
provide two accumulators for at least one of the com-
pression volumes or one of the pitch control volumes.
One of the accumulators is in permanent communication
with the rest of the hydraulic system, and the other ac-
cumulator is in communication with the rest of the hy-
draulic system by a valve which can selectively isolate
this accumulator and its resilience from the hydraulic sys-
tem. This can also provide an alternative switchable pitch
stiffness function.

[0091] However, the preferred alternative method of
providing a switched level of roll stiffness is to provide
accumulators with two gas volumes. For example, a con-
ventional accumulator can be used with an additional vol-
ume connected to the gas side of the accumulator
through a valve. Then for low stiffness, the valve can be
open, and for a higher stiffness, the valve can be closed.
[0092] If "bridge" valves are provided to connect to-
gether the front left and right compression volumes
and/or the rear left and right compression volumes, then
the roll stiffness and roll damping of the hydraulic system
can be selectively removed. Similarly, if "bridge" valves
are provided to connect together the front and rear left
compression volumes and/or the frontand rearright com-
pression volumes, then the pitch stiffness and pitch
damping of the hydraulic system can be selectively re-
moved. These roll and/or pitch "bridge" valve arrange-
ments may include damper valves to damp the flow of
fluid through the bridge valve in a passive or controlled
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manner.
[0093] A further alternative is to provide a controlled
switchable or preferably variable valve bypass valve into
the piston between the compression and rebound cham-
ber of the wheel rams associated with at least two or-
thogonally adjacentwheels. This effectively short-circuits
the hydraulic system and removes all stiffness and damp-
ing if the bypass is low restriction, therefore the bypass
is preferably a controlled restriction, the control being a
function of many parameters, for example, wheel posi-
tion, wheel velocity, body acceleration, steering angle,
steering velocity, throttle and brake positions, vehicle ve-
locity and/or any other suitable inputs. Depending on the
wheel ram design, it may be simpler and/or cheaper to
locate such a bypass valve between the conduits at-
tachedto the two wheelram chambers before the damper
valves to achieve the same function. While it may be
desirable to remove all roll and pitch stiffness and damp-
ing, it can be preferable to locate the bypass valve after
the wheel damper valves to still short-circuit the roll and
pitch stiffness of the hydraulic system, but retain the
wheel damping.

[0094] Lockout valves can therefore be used in a wide
range of positions within the hydraulic system to provide
avariety of functions such as failsafe and various dynam-
ic control features such as wheel lift limitation, pitch stiff-
ness switching and roll stiffness switching.

[0095] For example, Figure 7 illustrates the first pitch
resilience device 81 of Figures 5 and 6 with the addition
of a switchable bypass conduit or passage 253 in parallel
with the pitch resilience device and the pitch dampers
135 and 138 which can be applied to any of the pitch
resilience devices disclosed herein to remove the pitch
stiffness and damping from the associated fluid volumes.
Indeed this could also be achieved by providing such a
bypass atany pointbetween the associated fluid volumes
on either side of any or all of the pitch resilience devices.
The switchable bypass includes a lockout valve 254.
[0096] It can be desirable to provide damping for the
flow in either or both directions through the bypass con-
duit or passage 253 to tune the pitch damping rather than
completely remove it. This damping can be provided by
utilising adamping device (such as a restriction or a multi-
stage damper valve in each direction) in series with the
lockout valve 254 or a variable flow valve either in series
with or in place of the lockout valve.

[0097] Figure 8 illustrates a similar pitch stiffness by-
pass to Figure 7, but in this case, the conduit or passage
253 is in parallel with only the pitch resilience device,
thereby retaining the pitch damping function of the pitch
dampers 135 and 138 even when the lockout valve 254
is open. Again it can be desirable to provide damping
through the bypass conduit or passage to further in-
crease the pitch damping (particularly at certain flow
rates or frequencies) to suit the reduced pitch stiffness.
[0098] There are many modifications envisaged that
can be made to the above described hydraulic system,
for example to improve packaging or reduce cost.
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[0099] For example, itis possible to operate any of the
arrangements of the hydraulic system with accumulators
provided for only two of the compression volumes instead
of all four, if no line blocking valves are used. For exam-
ple, if the roll moment distribution of the hydraulic system
is extremely forward biased, then the back wheel rams
can be of small diameter. Then the resilience in the pitch
resilience devices and the resilience provided by the ac-
cumulators on the front compression volumes is sufficient
for the system to operate correctly. The pistons of the
pitch resilience devices are then displaced in pure heave
motions when the rear compression volume accumula-
tors are eliminated.

[0100] Alternatively, as shown in Figure 9, the wheel
rams at one end of the vehicle can be made single-acting
to provide a system with an extreme roll moment distri-
bution (again in this case biased towards the front of the
vehicle, so the rear rams are made less effective). In this
case, the rear wheel rams have their pistons changed to
conventional "shock absorber" type pistons 261, 262 in-
corporating damper valving to provide rebound damping
forces in the rear wheel rams. The compression chamber
provides compression damping forces through compres-
sion damping valve as before, and it is possible to add
additional compression damping at the piston. The rod
diameter of the rear wheel ram (along with other geom-
etry induced mechanical advantage effects at the front
and rear and other component sizes) determines the roll
stiffness forces generated at the rear of the vehicle rel-
ative to the front of the vehicle.

[0101] As only the rod diameter/volume is displaced
from the rear wheel rams as they expand and contract,
the system can be designed to provide acceptable dy-
namic response without the need for rear accumulators,
which have been deliberately omitted from Figure 9.
[0102] Alternative forms of resilient means are also
shown in the pitch resilience devices in Figure 9, which
are functionally similar to those shown in Figures 5 to 8.
However, in this case, the resilient members are elasto-
meric members 263, 264, 265 and 266 which can be
profiled (for example, as shown in Figure 9) to provide
control of the stiffness of the resilient member with dis-
placement of the piston.

[0103] There are many further alternative forms of re-
silient means that may be provided in the pitch resilience
devices. For example the resilient means may be air
spring type devices which can either be sealed orinclude
connections, for example at the ends of the pitch resil-
ience device cylinders, to permit adjustment of the pitch
stiffness of the hydraulic system.

[0104] Any of the arrangements shown in Figures 1 to
6 may be applied to a vehicle with the system rotated
through ninety degrees with respect to the vehicle, to
thereby provide a higher pitch stiffness than roll stiffness,
which can be desirable for vehicles with a high sensitivity
to pitch attitude, such as high speed (race) cars utilising
aerodynamic aids. The bypass arrangements of Figures
7 and 8 can be used to remove the roll stiffness in this
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case and the alternate forms of resilient means described
for Figure 9 are also applicable. An example of such an
arrangement is shown in Figure 10, with common refer-
ence numerals used for parts equivalent to those in pre-
vious figures.

[0105] InFigure 10 the samebase diagonal connection
arrangement of first and second diagonal circuits be-
tween the wheel rams provides roll and pitch stiffness as
described in relation to Figure 1. Again the first and sec-
ond diagonal circuits together provide a front left, a front
right, a back left and a back right compression volume.
Now however there is provided a front roll resilience de-
vice 281 and a back roll resilience device 282 which can
be of similar construction to any of the previously de-
scribed pitch resilience devices.

[0106] The front roll resilience device 281 includes a
cylinder bore 283 (capped at each end to form a primary
chamber) and a piston 285 to divide the primary chamber
into two secondary roll chambers 287 and 288. A coil
spring 291 and 292 is located in each roll chamber to
provide resilient axial location of the piston 285. The roll
resilience device is connected between the frontleft com-
pression volume and the front right compression volume
by a front left compression roll conduit 295 and a front
right compression roll conduit 296. The secondary roll
chamber 287 can therefore be referred to as a front left
roll chamber and the secondary chamber 288 can be
referred to as a front right roll chamber.

[0107] The back roll resilience device is shown having
asimilar construction to the front, so the secondary cham-
ber 289 is a back right roll chamber connected to the
back right compression volume through the back right
compression roll conduit 297 and the secondary chamber
290 is a back left roll chamber connected to the back left
compression volume through the back left compression
roll conduit 298.

[0108] In pitch, pressures generated by the pitch mo-
tion are reacted across the pistons 285 and 296 of the
roll resilience devices. For example when braking, the
pressure increases in the front left and right compression
volumes and decreases in the back left and right com-
pression volumes. The pressure increases in the front
volumes are reacted across the piston 285 of the front
roll resilience device and the pressure decreases in the
back compression volumes are reacted across the piston
286 of the back roll resilience device. Thus for pure pitch
motions there is no displacement of the pistons in the roll
resilience devices 281 and 282 and no reduction in the
pitch stiffness of the hydraulic system which is provided
by the base diagonal connection arrangement of first and
second diagonal circuits.

[0109] In roll, pressure changes generated by the roll
motion cause displacement of the pistons 285 and 286
of the front and rear roll resilience devices. For example,
when making a right turn, causing the vehicle to roll to
the left, the front left and back left compression volumes
increase in pressure (due to fluid from the front left com-
pression chamber 45 and the back right rebound cham-
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ber 51 entering the front left compression volume accu-
mulator 69, and due to fluid from the back left compres-
sion chamber 48 and the front right rebound chamber 50
entering the back left compression volume accumulator
72) and the right compression volume reduces in pres-
sure (due to fluid entering the front right compression
chamber 46 and the back left rebound chamber 52 from
the front right compression volume accumulator 70, and
due to fluid entering the back right compression chamber
47 and the front left rebound chamber 49 from the accu-
mulator 71) thereby providing the necessary roll couple.
These changes in pressure act across the pistons of the
roll resilience devices, displacing the pistons 285 and
286 which compress the front left and back left compres-
sion roll springs 292 and 293 and extend the front right
and back right compression roll springs 291 and 294 until
equilibrium is found. The displacement of the roll resil-
ience device pistons 285, 286 results in an effective dis-
placement of fluid from the left compression volumes into
the right compression volumes and therefore a reduction
in the pressure in the hydraulic system in roll. The sizing
of the components of the back roll resilience device can
be different to those of the front roll resilience device to
provide one of several possible methods of changing the
roll moment distribution of the hydraulic system.

[0110] Rolldampervalves 299-302 are shown on each
of the roll conduits 295-298 to damp the additional roll
resilience provided by the roll resilience devices. As with
the pitch damper valves in the previous arrangements,
the position, number and style of these roll damper valves
can vary from the simple schematic representations in
Figure 10.

[0111] There are other alternative forms of modal re-
silience device that can be incorporated into the hydraulic
system between the pair of diagonal circuits to provide
additional resilience in the roll or pitch mode. For exam-
ple, if the two system chambers of each modal resilience
device vary in volume in the same direction as each other,
as opposed to the opposite direction to each other as in
the modal resilience devices shown in Figures 1 to 10,
then for any given connection arrangement, the modal
resilience is added in the roll mode instead of the pitch
mode or vice versa. Also, additional heave resilience is
provided in this alternative form of modal resilience de-
vice.

[0112] One such alternative form of modal resilience
device (321 and 322) is shown in Figure 11 and compris-
es two axially aligned cylinder portions 323 and 325. In
the smaller diameter cylinder portion 323 is a piston 327
forming a front left compression system chamber 333. In
the larger diameter cylinder portion 325 is a piston 329,
connected to piston 327 by a rod 331, the front right com-
pression system chamber 334 being formed between the
two pistons 327 and 329 and having an effective piston
area defined by the area of the larger piston 329 minus
the area of the smaller piston 327. The piston rod assem-
bly (made up of pistons 327 and 329 and the rod 331)
can alternatively be constructed from the piston 329 and
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a rod of the diameter of the smaller piston 327. A pitch
control chamber 337 is also formed by the larger piston
329in theremainder of the larger cylinder 325. Resilience
can be provided in the pitch control chamber by a me-
chanical spring, a pressurised gas spring or by a fluid
pressure accumulator 339 connected to the pitch control
chamber 337. An optional pitch damper is shown be-
tween the accumulator 339 and the pitch control chamber
337.

[0113] In Figure 11, the conduit connectivity between
the modal resilience device and the wheel rams is the
same as in Figure 10. However, the alternative form of
modal resilience device is shown substituting the modal
resilience devices of Figure 10, front and rear. In this
case, the modal resilience device now adds resilience
into hydraulic system in the pitch mode, so the modal
resilience device 321 is a front pitch resilience device
and the modal resilience device 322 is a back pitch re-
silience device. At the front, the dampers 299 and 300
are now pitch dampers and can be deleted in favour of
the pitch damper 343 and similarly at the rear, to use
modal pitch damping, only the two dampers 301 and 302
or the single pitch damper 344 is required.

[0114] In pitch, for example when braking, looking at
the front pitch resilience device, fluid is displaced from
the two front compression circuits into the front left com-
pression and front right compression system chambers
(333 and 334) of the front pitch resilience device, displac-
ing the piston rod assembly and causing the volume of
the front pitch control chamber 337 to be reduced.
[0115] In roll, for example when turning to the right,
again looking at the operation of the front pitch resilience
device 321, the increase in fluid pressure generated in
the front left compression volume and the decrease in
fluid pressure generated in the front right compression
volume are reacted by the piston rod assembly.

[0116] In heave, a small quantity of fluid (relative to
that displaced in the roll and pitch modes) is displaced
out of each compression volume into the front and rear
pitch resilience devices 321 and 322, causing a small
displacement of the piston rod assembly of each device.
This construction of modal resilience device therefore
also adds further heave resilience into the hydraulic sys-
tem.

[0117] Itwill be appreciated that the additional features
such as pressure maintenance and switchable bypass
passages which are described earlier can be applied to
the invention shown in Figure 11. For example the system
chambers 333 and 334 of the front pitch resilience device
321 in Figure 11 can be selectively interconnected
through a switchable bypass passage to remove the roll
stiffness of the hydraulic system, and/or the pitch resil-
ience chambers 337 and 338 of the two pitch resilience
devices 321 and 322 can be interconnected through a
passage including a controllable valve to remove the
pitch stiffness of the hydraulic system.

[0118] In Figure 12, the modal resilience device of Fig-
ure 11 is shown connected into the hydraulic system with
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the same conduit connectivity as in Figures 1 to 4, the
modal resilience device now adding resilience in the roll
mode. Thus the modal resilience device 361 is a left roll
resilience device having a front left compression system
chamber 373 connected to and forming part of the front
left compression volume and a back left compression
system chamber 376 connected to and forming part of
the back left compression volume, and a left roll control
chamber 377.

[0119] In pitch, for example when braking, looking at
the operation of the left roll resilience device 361, the
increase in fluid pressure generated in the front left com-
pression volume and the decrease in fluid pressure gen-
erated in the back left compression volume are reacted
by the piston rod assembly.

[0120] In roll, for example when turning to the right,
again looking at the operation of the left roll resilience
device, fluid is displaced from the two left compression
volumes into the front left compression and back left com-
pression system chambers (373 and 376), displacing the
piston rod assembly and causing the volume of the left
roll control chamber 377 to be reduced. This provides an
increase in pressure in the two left compression volumes.
Similarly, the volume of the right roll control chamber 378
is increased, providing a reduction in pressure in the two
right compression volumes, thereby providing a roll cou-
ple.

[0121] Either the two dampers 135 and 138 or the roll
damper 383 can be used to damp the additional roll re-
silience provided by device 361 if required.

[0122] In heave, a small quantity of fluid (relative to
that displaced in the roll and pitch modes) is displaced
out of each compression volume into the left and right
roll resilience devices 361 and 362, causing a small dis-
placement of the piston rod assembly of each device.
This construction of modal resilience device therefore
also adds further heave resilience into the hydraulic sys-
tem.

[0123] Itwill be appreciated that the additional features
such as pressure maintenance and switchable bypass
passages which are described earlier can be applied to
the invention shown in Figure 12. For example the system
chambers 373 and 376 of the left roll resilience device
361 in Figure 12 can be selectively interconnected
through a switchable bypass passage to reduce or re-
move the pitch stiffness of the suspension system, and/or
the roll resilience chambers 377 and 378 of the two roll
resilience devices 361 and 362 can be interconnected
through a passage including a controllable valve to re-
duce or remove the roll stiffness of the suspension sys-
tem.

[0124] For the configurations of modal resilience de-
vice and connection sequence shown in Figures 11 and
12, the wheel rams at one end of the vehicle may be
single-acting as shown in Figure 9, and the surplus re-
bound conduits deleted. This can be desirable, for ex-
ample to provide acceptable component sizes when the
roll moment distribution required from the hydraulic sys-
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tem is particularly unbalanced front to rear.

[0125] There are a variety of constructions of the modal
resilience device that are similar in function to the em-
bodiment shown in Figures 11 and 12.

[0126] Figure 13 shows one such alternative construc-
tion of modal resilience device 401. Inside an outer cyl-
inder 402 is provided a floating piston 403 and a fixed
piston 404. The fixed piston 404 is rigidly attached to one
end of the outer cylinder 402 by a rod 405. The first sys-
tem chamber 406 is formed between the outer cylinder
402 and the fixed piston 404 by the floating piston 403.
The effective piston area of the first system chamber be-
ing the difference between the area of the outer cylinder
bore and the area of the floating piston bore. The second
system chamber 407 is formed between the floating pis-
ton 403 and the fixed piston 404 and has an effective
piston area defined by the diameter of the bore inside
the floating piston. The second system chamber commu-
nicates with the hydraulic system through a conduit 408
formed inside the rod. The modal resilience chamber 409
is formed between the cylinder 402 and the floating piston
403. The modal resilience is provided by a spring 410 in
the modal resilience chamber, although the modal resil-
ience chamber may alternatively or additionally be filled
with pressurised gas to provide a spring function. Alter-
natively the modal resilience chamber may be filled with
fluid and be in fluid communication with a fluid pressure
accumulator via an optional damper. Optionally, an ad-
ditional spring 411 may be provided in the first system
chamber also. If two coil springs (or similar linear or non-
linear resilient means) are used as shown in Figure 13,
then the preload on the springs can be used to give a
high stiffness on centre, with a lower stiffness once one
of the springs reaches its free length. Combined with the
use of non-linear resilient means such as items similar
to conventional vehicle bump-stops, this can provide a
wide range of options in tuning the operation of the unit
within the hydraulic system and therefore the ride of the
vehicle.

[0127] A further alternative construction of modal re-
silience device 431 is shown in Figure 14, with similar
function to the modal resilience devices in Figures 12 to
14. Two cylinders 432 and 433 are arranged side by side
and a piston (434, 435) is provided in each cylinder to
formthe first system chamber 436 and the second system
chamber 437. The two pistons are rigidly joined together
by a member 438 upon which a resilient means 439 acts.
The resilient means may be a coil spring as shown, or
any other form of mechanical spring. Alternatively the
cavity (or modal resilience chamber) 440 may be filled
with pressurised gas, or the member may include a fur-
ther piston to operate in a single-acting cylinder. The sin-
gle acting cylinder can be filled with gas to act as a spring,
or with fluid which displaces into a fluid pressure accu-
mulator via an optional damper valve. The piston may be
sealed by a diaphragm, with the resilient means being
similar in construction to a vehicle support air spring.
[0128] There are a variety of methods for positioning
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double-acting wheel rams on vehicles and arrangements
of ports for the two fluid volumes, with the fluid from at
least one of the chambers being passed through the rod
of the wheel ram or passed around the cylinder of the
wheel ram to provide a range of possible points for the
fluid connection of the wheel ram to the rest of the vehicle
hydraulic system.

[0129] As described for Figure 1, at every point in any
figure where there is a restriction symbol used to indicate
adamper valve, that damper valve can be either: a single
damper valve having the same characteristics in both
directions; a single valve having different characteristics
from one direction of fluid flow to the other; a single valve
having flow restriction characteristics in one direction and
being relatively free-flowing in the opposite direction; two
single-acting valves, one damper valve to control the re-
striction to flow in one direction and a second damper
valve to control the restriction to flow in the opposite di-
rection, the two valves being used in parallel, or in series
with a non-return valve in parallel with each valve as is
known in conventional damper valve technology.
[0130] Many otheralterations to the basic arrangement
of the components are envisaged whilst maintaining the
connection sequence essential for the functionality of the
hydraulic system are considered to fall within the scope
of the invention described in this application, as are any
combinations of features disclosed in the above descrip-
tion. For example, it will be appreciated that, in a produc-
tion design of the system of the present invention, it is
possible to incorporate not only the wheel damper valves
(53-60) into the main body of the wheel ram, but also the
accumulators with their damper valves and even the pitch
resilience devices with their damper valves.

Claims

1. A hydraulic system for a suspension system for a
vehicle, the vehicle including a vehicle body and at
least one forward pair of wheel assemblies and at
least one rearward pair of wheel assemblies,
the hydraulic system including: at least one first pair
of wheel rams (11, 12) at a first end of the vehicle,
each ram thereof including a compression chamber
(45, 46) and a rebound chamber (49, 50), and at
least one second pair of wheel rams (13, 14) at a
second end of the vehicle, each ram thereof includ-
ing a compression chamber (47, 48) and a rebound
chamber (51, 52); and wherein the system includes
firstand second diagonal circuits with respect to said
vehicle,
the first diagonal circuit Interconnecting a first left
wheel ram and a second right wheel ram, the com-
pression chamber of each wheel ram being in fluid
communication with the rebound chamber of the oth-
er wheel ram forming first and second fluid volumes;
the second diagonal circuit interconnecting a first
right wheel ram and a second left wheel ram, the
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compression chamber of each wheel ram being in
fluid communication with the rebound chamber of
the other wheel ram forming first and second fluid
volumes;

and wherein the hydraulic system Includes at least
one first modal resilience device (80, 201, 281, 321,
361) and at least one second modalresilience device
(82, 202, 282, 322, 362),

the first and second modal resilience devices each
including at least one moveable member(101-104;
153-154; 185-186; 213-214; 285-286; 327-330;
367-370) and at least first and second system modal
chambers (89-92; 209-212; 289-292; 333-336;
373-376), wherein the first modal resilience device
has the first system modal chamber thereof connect-
ed in fluid communication with the first fluid volume
of the first diagonal circuit forming a first diagonal
firstcompression volume (45,61, 67,51), the second
system modal chamber thereof connected in fluid
communication with the second fluid volume of the
second diagonal circuit forming a second diagonal
second compression volume (48, 64, 66, 50),

and the second modal resilience device has the first
system modal chamber thereof connected in fluid
communication with the first fluid volume of the sec-
ond diagonal circuit forming a second diagonal first
compression volume (46, 62, 68, 52), and the second
system modal chamber thereof connected in fluid
communication with the second fluid volume of the
first diagonal circuit forming a first diagonal second
compression volume, (47, 63, 65, 49),
characterised in that the first and second modal
resilience devices (81, 82; 201, 202; 281, 282; 321,
322, 361, 362) are independent of each other in their
manner of connection to the system and in that the
first and second modal resilience devices each ad-
ditionally include at least one resilient means
(107-110, 131-134; 163-166; 215-218; 291-205;
330-340; 379, 380) such that motion of the moveable
member of each modal resilience device due to roll
or pitch of the vehicle is controlled by the respective
at least one resilient means to thereby provide re-
spective roll or pitch resilience In the system.

A hydraulic system as claimed in claim 1, wherein
the volume of the first and second system modal
chambers (89-92; 209-212; 287-290; 333-336;
373-376) of at least one of said first and second mo-
dal resilience devices (81, 82; 201, 202; 281, 282;
321,322;361, 362) vary with motion of the respective
movable member(s) (101-1-4; 153-154; 185,186;
213, 214; 285, 286; 327-33-, 367-370), said motion
deforming, compressing or extending said at least
one resilient means (107-110; 131-134; 163-166;
215-218; 291-204; 339-340; 379,380),

and wherein motion of the at least one movable
member (101, 104; 153; 185; 213; 285; 327; 329;
367, 369) of the first modal resilience device (81;

10

15

20

25

30

35

40

45

50

55

18

201; 281; 321; 361) against the at least one modal
resilience means thereof (107, 110; 131, 134; 163,
166; 215, 218; 291, 292; 339; 379) permits effective
fluid flow from the first diagonal first compression
volume (45, 61, 67, 51) and simultaneously permits
effective fluid flow either to or from the second diag-
onal second compression volume (48, 64, 66, 50);
and wherein motion of the at least one moveable
member (102, 103; 154; 186; 214; 286; 328; 330;
368; 370) of the second modal resilience device (82;
202; 282; 322; 362) against the lat least one modal
resilience means thereof (108, 109; 132, 133; 164,
165; 216, 217; 293, 294; 340; 380) permits effective
fluid flow from the second diagonal first compression
volume (46, 62, 68, 52) and simultaneously permits
effective fluid flow either to or from the first diagonal
second compression volume (47, 63, 65, 49),

the modal resilience means of each of the modal
resilience devices thereby providing controlled in-
creased resilience during either the roll or pitch mo-
tions of the vehicle.

A hydraulic system as claimed in claim 1 or 2, where-
in for each modal resilience device (81, 82; 201, 202;
281, 282), the volume of the first modal chamber (89,
90; 209, 290; 287, 290) varies in volume in the op-
posite direction to the volume of the second system
modal chamber (92, 91; 212, 211; 288, 289) thereof
with motion of the at least one moveable member
(101-104; 153, 154; 185; 186; 213, 214; 285, 286)
to thereby permit controlled effective fluid flow be-
tween the associated first and second compression
volumes (45, 61, 67, 51; 48, 64, 66, 50 or 46, 62, 68,
52; 47, 63, 65, 49).

A hydraulic system as claimed in claim 1 or 2, where-
in for each modal resilience device (321, 322; 361,
362), the volume of the first system modal chamber
(333, 335; 373, 374) varies in volume in the same
direction as the volume of the second system modal
chamber (334, 336; 376, 375) thereof with motion of
the at least one moveable member (327-330;
367-370) to thereby permit controlled simultaneous
effective fluid flow out of both or into both of the as-
sociated first and second compression volumes (45,
61, 67, 51; 48, 64, 66, 50 or 46, 62, 68, 52; 47, 63,
65, 49).

A hydraulic system as claimed in claim 3, wherein
the first diagonal first compression volume (45, 61,
67, 51) and the second diagonal first compression
volume (46, 62, 68, 52) include compression cham-
bers of wheel rams (11, 12) at the same end of the
vehicle, the modal resilience device (281) thereby
connected to provide additional pitch resilience to
the hydraulic system.

6. A hydraulic system as claimed in claim 3, wherein
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the first diagonal first compression volume (45, 61,
67, 51) and the second diagonal second compres-
sion volume (48, 64, 66; 50) include compression
chambers of wheel rams (11, 14) at the same side
ofthe vehicle, the modalresilience device (81) there-
by connected to provide additional roll resilience to
the hydraulic system.

A hydraulic system as claimed in claim 4, wherein
the first diagonal first compression volume (45, 61,
67, 51) and the second diagonal first compression
volume (46, 62, 68, 52) include compression cham-
bers of wheel rams (11, 12) at the same end of the
vehicle, the modal resilience device (321) thereby
connected to provide additional roll resilience to the
hydraulic system.

A hydraulic system as claimed in claim 4, wherein
the first diagonal first compression volume (45; 61,
67, 51) and the second diagonal second compres-
sion volume (48, 64, 66; 50) include compression
chambers of wheel rams (11, 14) on the same side
of the vehicle, the modal resilience device (361)
thereby connected to provide additional pitch resil-
ience to the hydraulic system.

A hydraulic system for a suspension system for a
vehicle, the vehicle Including a vehicle body and at
least one forward pair of wheel assemblies and at
leastonerearward pair of wheel assemblies, the sus-
pension system including front and rear resilient ve-
hicle support means between the vehicle body and
the wheel assemblies for resiliently supporting the
vehicle above the wheel assemblies, the hydraulic
system including: at least one first pair of wheel rams
(11, 12) at a first end of the vehicle and at least one
second pair of wheel rams (13, 14) at a second end
of the vehicle, each of the at least one first pair of
wheel rams (11, 12) at a first end of the vehicle in-
cluding a compression chamber (45, 46) and a re-
bound chamber (49, 50), thereby providing a first left
compression chamber (45), afirstleft rebound cham-
ber (49), a first right compression chamber (46) and
a first right rebound chamber (50), each of the at
least one second pair of wheel rams (13, 14) includ-
ing a compression chamber (47, 48), thereby pro-
viding a second left compression chamber (48) and
a second right compression chamber (47), the first
left rebound chamber (49) being connected to the
second right compression chamber (47) and the first
right rebound chamber (50) being connected to the
second left compression chamber (48); at least a
first and a second pitch resilience device (81, 82),
each pitch resilience device including at least two
pitch chambers and a moveable member (154, 153),
the two pitch chambers varying in volume inversely
proportionally to each other with movement of the
moveable member (154, 153), the first pitch resil-
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ience device (81) including a first left compression
pitch chamber and a second left compression pitch
chamber, the second pitch resilience device (82) in-
cluding a first right compression pitch chamber and
a second right compression pitch chamber, the first
left compression chamber (45) being in fluid com-
munication with the first left compression pitch cham-
ber forming a first left compression volume (45, 61),
the second left compression chamber (48) being in
fluid communication with the second left compres-
sion pitch chamber together with the first right re-
bound chamber (50) thereby forming a second left
compression volume (48, 64, 50), the first right com-
pression chamber (46) being in fluid communication
with the first right compression pitch chamber form-
ing afirstright compression volume (46, 62), the sec-
ond right compression chamber (47) being in fluid
communication with the second right compression
pitch chamber, together with the first left rebound
chamber (49) thereby forming a second right com-
pression volume (47, 63, 49), characterised In that
the first and second pitch resilience devices (81, 82)
areindependent of each other in theirmanner of con-
nection to the system and in that the first and second
pitch resilience devices (81, 82) each additionally
include at least one resilient means (263-266), such
that motion of the moveable member of each pitch
resilience device due to pitch of the vehicle is con-
trolled by the respective at least one resilient means
(263-266) to thereby provide pitch resilience in the
system.

Patentanspriiche

1.

Hydrauliksystem fiir ein Aufhdngungssystem fur ein
Fahrzeug, wobeidas Fahrzeug eine Fahrzeugkaros-
serie und mindestens ein vorderes Paar Radanord-
nungen und mindestens ein hinteres Paar Radan-
ordnungen umfasst,

wobei das Hydrauliksystem Folgendes umfasst:
mindestens ein erstes Paar Radzylinder (11, 12) am
ersten Ende des Fahrzeugs, wobei jeder Zylinder
davon eine Druckkammer (45, 46) und eine Ruick-
schlagkammer (49, 50) umfasst, und mindestens ein
zweites Paar Radzylinder (13, 14) an einem zweiten
Ende des Fahrzeugs, wobei jeder Zylinder davon
eine Druckkammer (47, 48) und eine Rickschlag-
kammer (51, 52) umfasst; und wobei das System
einen ersten und zweiten diagonalen Kreislaufin Be-
zug auf das Fahrzeug beinhaltet,

wobei der erste diagonale Kreislauf einen ersten lin-
ken Radzylinder und einen zweiten rechten Radzy-
linder miteinander verbindet, wobei sich der Druck-
zylinder vom jedem Radzylinder in Fluidverbindung
mit der Ruckschlagkammer des anderen Radzylin-
ders befindet, wodurch ein erstes und zweites Flu-
idvolumen gebildet wird; wobei der zweite diagonale
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Kreislauf einen ersten rechten Radzylinder und ei-
nen zweiten linken Radzylinder miteinander verbin-
det, wobei sich der Druckzylinder vom jedem Rad-
zylinder in Fluidverbindung mit der Riickschlagkam-
mer des anderen Radzylinders befindet, wodurch
ein erstes und zweites Fluidvolumen gebildet wird;
und wobei das Hydrauliksystem mindestens eine
erste modale Federungsvorrichtung (80, 201, 281,
321, 361) und mindestens eine zweite modale Fe-
derungsvorrichtung (82, 202, 282, 322, 362) um-
fasst,

wobei die erste und zweite modale Federungsvor-
richtung jeweils mindestens ein bewegbares Glied
(101-104; 153-154; 185-186; 213-214; 285-286;
327-330; 367-370) und mindestens eine erste und
zweite modale Systemkammer (89-92; 209-212;
289-292; 333-336; 373-376) beinhalten, wobei die
erste modale Federungsvorrichtung die erste moda-
le Systemkammer davon in Fluidverbindung mit dem
ersten Fluidvolumen des ersten diagonalen Kreis-
laufs verbunden, wodurch ein erstes diagonales ers-
tes Druckvolumen (45, 61, 67, 51) gebildet wird, die
zweite modale Systemkammer davon in Fluidverbin-
dung mit dem zweiten Fluidvolumen des zweiten di-
agonalen Kreislaufs verbunden, wodurch ein zwei-
tes diagonales zweites Druckvolumen (48, 64, 66,
50) gebildet wird, aufweist,

und die zweite modale Federungsvorrichtung die
erste modale Systemkammer davon in Fluidverbin-
dung mit dem ersten Fluidvolumen des zweiten di-
agonalen Kreislaufs verbunden, wodurch ein zwei-
tes diagonales erstes Druckvolumen (46, 62, 68, 52)
gebildetwird, und die zweite modale Systemkammer
davon in Fluidverbindung mit dem zweiten Fluidvo-
lumen des ersten diagonalen Kreislaufs verbunden,
wodurch ein erstes diagonales zweites Druckvolu-
men (47, 63, 65, 49) gebildet wird, aufweist,
dadurch gekennzeichnet, dass die erste und zwei-
te modale Federungsvorrichtung (81, 82; 201, 202;
281, 282; 321, 322, 361, 362) in ihrer Art der Ver-
bindung mit dem System unabhangig voneinander
sind, und dadurch, dass die erste und zweite modale
Federungsvorrichtung jeweils zusatzlich mindes-
tens ein Federungsmittel (107-110, 131-134;
163-166; 215-218; 291-205; 330-340; 379, 380) um-
fassen, sodass eine Bewegung des bewegbaren
Gliedes von jeder modalen Federungsvorrichtung
aufgrund von Wanken oder Neigen des Fahrzeugs
durch das jeweilige mindestens eine Federungsmit-
tel geregelt wird, um dadurch im System jeweilige
Wank- oder Neigfederung bereitzustellen.

Hydrauliksystem gemafR Anspruch 1, wobei das Vo-
lumen der ersten und zweiten modalen Systemkam-
mer (89-92; 209-212; 287-290; 333-336; 373-376)
von mindestens einer der ersten und zweiten moda-
len Federungseinrichtung (81, 82; 201, 202;
281,282; 321, 322; 361, 362) mit der Bewegung der
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jeweiligen bewegbaren Kammer(n) (101-1-4;
153-154; 185,186; 213, 214; 285, 286; 327-33-,
367-370) variiert, wobei die Bewegung das mindes-
tens eine Federungsmittel (107-110; 131-134;
163-166; 215-218; 291-204; 339- 340; 379,380) ver-
formt, zusammendriickt oder auseinanderzieht,
und wobei die Bewegung des mindestens einen be-
wegbaren Glieds (101, 104; 153; 185;213; 285; 327;
329; 367, 369) der ersten modalen Federungsvor-
richtung (81;201; 281; 321; 361) gegen das mindes-
tens eine modale Federungsmittel davon (107, 110;
131, 134; 163, 166; 215, 218; 291, 292; 339; 379)
effektiven Fluidfluss von dem ersten diagonalen ers-
ten Druckvolumen (45, 61, 67, 51) gestattet und
gleichzeitig effektiven Fluidfluss entweder an das
zweite diagonale zweite Druckvolumen oder (48, 64,
66, 50) oder von diesem gestattet; und wobei die
Bewegung des mindestens einen bewegbaren
Glieds (102, 103; 154; 186; 214; 286; 328; 330; 368;
370) der zweiten modalen Federungsvorrichtung
(82;202; 282; 322; 362) gegen das mindestens eine
modale Federungsmittel davon (108, 109; 132, 133;
164, 165; 216, 217; 293, 294; 340; 380) effektiven
Fluidfluss von dem diagonalen ersten Druckvolumen
(46, 62, 68, 52) gestattet und gleichzeitig effektiven
Fluidfluss entweder an das erste diagonale zweite
Druckvolumen oder (47,63, 65, 49) oder von diesem
gestattet; wobei das modale Federungsmittel von je-
der der modalen Federungsvorrichtung dadurch ge-
regelte, erhdhte Federung wahrend entweder der
Wank- oder Neigbewegung des Fahrzeugs bereit-
stellt.

Hydrauliksystem gemafR Anspruch 1 oder 2, wobei
fir jede modale Federungsvorrichtung (81, 82; 201,
202; 281, 282) das Volumen der ersten modalen
Kammer (89, 90; 209, 290; 287, 290) in Volumen in
der entgegengesetzten Richtung zu dem Volumen
der zweiten modalen Systemkammer (92, 91; 212,
211,288, 289) davon mit Bewegung des mindestens
einen bewegbaren Glieds (101-104; 153, 154; 185;
186; 213, 214; 285, 286) variiert, um dadurch gere-
gelten, effektiven Fluidfluss zwischen dem assozi-
ierten ersten und zweiten Druckvolumen (45, 61, 67,
51; 48, 64, 66, 50 oder 46, 62, 68, 52; 47, 63, 65,
49) zu gestatten.

Hydrauliksystem gemafR Anspruch 1 oder 2, wobei
fur jede modale Federungsvorrichtung (321, 322;
361, 362) das Volumen der ersten modalen System-
kammer (333, 335; 373, 374) in Volumen in der glei-
chen Richtung wie das Volumen der zweiten moda-
len Systemkammer (334, 336; 376, 375) davon mit
Bewegung des mindestens einen bewegbaren
Glieds (327-330; 367-370) variiert, um dadurch ge-
regelten, gleichzeitigen effektiven Fluidfluss aus bei-
den des assoziierten ersten und zweiten Druckvolu-
mens (45, 61, 67, 51; 48, 64, 66, 50 oder 46, 62, 68,
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52; 47, 63, 65, 49) heraus oder in beide von diesen
hinein zu gestatten.

Hydrauliksystem gemaR Anspruch 3, wobei das ers-
te diagonale erste Druckvolumen (45, 61, 67, 51)
und das zweite diagonale erste Druckvolumen (46,
62, 68; 52) Druckkammern von Radzylindern (11,
12) am gleichen Ende des Fahrzeugs umfassen, wo-
bei die modale Federungsvorrichtung (281) dadurch
verbunden ist, um dem Hydrauliksystem zusatzliche
Neigfederung bereitzustellen.

Hydrauliksystem gemaR Anspruch 3, wobei das ers-
te diagonale erste Druckvolumen (45, 61, 67, 51)
und das zweite diagonale zweite Druckvolumen (48,
64, 66; 50) Druckkammern von Radzylindern (11,
14) auf der gleichen Seite des Fahrzeugs umfassen,
wobei die modale Federungsvorrichtung (81) da-
durch verbunden ist, um dem Hydrauliksystem zu-
satzliche Wankfederung bereitzustellen.

Hydrauliksystem gemaR Anspruch 4, wobei das ers-
te diagonale erste Druckvolumen (45, 61, 67, 51)
und das zweite diagonale erste Druckvolumen (46,
62, 68; 52) Druckkammern von Radzylindern (11,
12) am gleichen Ende des Fahrzeugs umfassen, wo-
bei die modale Federungsvorrichtung (321) dadurch
verbunden ist, um dem Hydrauliksystem zusatzliche
Wankfederung bereitzustellen.

Hydrauliksystem gemaR Anspruch 4, wobei das ers-
te diagonale erste Druckvolumen (45, 61, 67, 51)
und das zweite diagonale zweite Druckvolumen (48,
64, 66; 50) Druckkammern von Radzylindern (11,
14) auf der gleichen Seite des Fahrzeugs umfassen,
wobei die modale Federungsvorrichtung (361) da-
durch verbunden ist, um dem Hydrauliksystem zu-
satzliche Neigfederung bereitzustellen.

Hydrauliksystem fir ein Aufhdngungssystem fir ein
Fahrzeug, wobeidas Fahrzeug eine Fahrzeugkaros-
serie und mindestens ein vorderes Paar Radanord-
nungen und mindestens ein hinteres Paar Radan-
ordnungen umfasst, wobei das Aufhangungssystem
Front- und Heck-Fahrzeugstitzungs-Federungsmit-
tel zwischen der Fahrzeugkarosserie und den Rada-
nordnungen zum federnden Stiitzen des Fahrzeugs
Uber den Radanordnungen umfasst, wobei das Hy-
drauliksystem Folgendes umfasst:

mindestens ein erstes Paar Radzylinder (11, 12) an
einem ersten Ende des Fahrzeugs und mindestens
einzweites Paar Radzylinder (13, 14) an einem zwei-
ten Ende des Fahrzeugs, wobei jeder des mindes-
tens einen ersten Paars Radzylinder (11, 12) an ei-
nem ersten Ende des Fahrzeugs eine Druckkammer
(45, 46) und eine Ruckschlagkammer (49, 50) um-
fasst, wodurch eine erste linke Druckkammer (45),
eine erste linke Rickschlagkammer (49), eine erste
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rechte Druckkammer (46) und eine erste rechte
Ruckschlagkammer (50) bereitgestellt werden, wo-
bei jeder des mindestens einen zweiten Paars Rad-
zylinder (13, 14) eine Druckkammer (47, 48) um-
fasst, wodurch eine zweite linke Druckkammer (48)
und eine zweite rechte Druckkammer (47) bereitge-
stellt werden, wobei die erste linke Riickschlagkam-
mer (49) mit der zweiten rechten Druckkammer (47)
verbunden ist und die erste rechte Riickschlagkam-
mer (50) mit der zweiten linken Druckkammer ver-
bunden ist (48); mindestens eine erste und eine
zweite Neigfederungsvorrichtung (81, 82), wobei je-
de Neigfederungsvorrichtung mindestens zwei
Neigkammern und ein bewegbares Glied (154, 153)
umfasst, wobei die zwei Neigkammern im Volumen
mit Bewegung des bewegbaren Glieds (154, 153)
umgekehrt proportional zueinander variieren, wobei
die erste Neigfederungsvorrichtung (81) eine erste
linke Druckneigkammer und eine zweite linke Druck-
neigkammer umfasst, wobei die zweite Neigfede-
rungsvorrichtung (82) eine erste rechte Druckneig-
kammer und eine zweite rechte Druckneigkammer
umfasst, wobei die erste linke Druckkammer (45) in
Fluidverbindung mit der ersten linken Druckneig-
kammer steht, wodurch ein erstes linkes Druckvolu-
men (45, 61) gebildet wird, wobei die zweite linke
Druckkammer (48) in Fluidverbindung mit der zwei-
ten linken Druckneigkammer zusammen mit der ers-
ten rechten Rickschlagkammer (50) steht, wodurch
ein zweites linkes Druckvolumen (48, 64, 50) gebil-
det wird, wobei die erste rechte Druckkammer (46)
in Fluidverbindung mit der ersten rechten Druckneig-
kammer steht, wodurch ein erstes rechtes Druckvo-
lumen (46, 62) gebildet wird, wobei die zweite rechte
Druckkammer (47) in Fluidverbindung mit der zwei-
ten rechten Druckneigkammer steht, zusammen mit
der ersten linken Rickschlagkammer (49), wodurch
ein zweites rechtes Druckvolumen (47, 63, 49) ge-
bildet wird, dadurch gekennzeichnet, dass die ers-
te und zweite Neigfederungsvorrichtung (81, 82) in
ihrer Art der Verbindung mit dem System unabhan-
gig voneinander sind, und dadurch, dass die erste
und zweite Neigfederungsvorrichtung (81, 82) je-
weils zusatzlich mindestens ein Federungsmittel
(263-266) umfassen, sodass die Bewegung des be-
wegbaren Glieds von jeder Neigfederungsvorrich-
tung aufgrund des Neigens des Fahrzeugs durch
das jeweilige mindestens eine Federungsmittel
(263-266) geregelt wird, um dadurch im System
Neigfederung bereitzustellen.

Revendications

Systeme hydraulique pour un systéme de suspen-
sion d’un véhicule, le véhicule comprenant une car-
rosserie et au moins une paire antérieure d’ensem-
bles de roues et au moins une paire postérieure d’en-
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sembles de roues,

le systéme hydraulique comprenant : au moins une
premiere paire de vérins de roue (11, 12) a un pre-
mier bout du véhicule, chaque vérin de celle-ci com-
prenant une chambre de compression (45, 46) et
une chambre de rebond (49, 50), et au moins une
deuxiéme paire de vérins de roue (13, 14) a un
deuxiéme bout du véhicule, chaque vérin de celle-
ci comprenant une chambre de compression (47,
48) et une chambre de rebond (51, 52) ; et

le systéme comprenant des premier et deuxiéme cir-
cuits diagonaux relativement audit véhicule, le pre-
mier circuit diagonal interconnectant un premier vé-
rin de roue c6té gauche et un deuxieme vérin de
roue cété droit, la chambre de compression de cha-
que vérin de roue étant en communication par le
fluide avec la chambre de rebond de l'autre vérin de
roue, en formant des premier et deuxiéme volumes
de fluide ; le deuxiéme circuit diagonal interconnec-
tant un premier vérin de roue c6té droit et un deuxie-
me vérin de roue c6té gauche, la chambre de com-
pression de chaque vérin de roue étant en commu-
nication par le fluide avec la chambre de rebond de
l'autre vérin de roue, en formant des premier et
deuxiéme volumes de fluide ; et le systéme hydrau-
ligue comprenant au moins un premier dispositif
d’élasticité modale (80, 201, 281, 321, 361) et au
moins un deuxiéme dispositif d’élasticité modale (82,
202, 282, 322, 362),

les premier et deuxiéme dispositifs d’élasticité mo-
dale comprenant chacun au moins un élément mo-
bile (101-104; 153-154; 185-186; 213-214; 285-286;
327-330; 367-370) et au moins des premiére et
deuxiéeme chambres modales du systeme (89-92;
209-212; 289-292; 333-336; 373-376), dans le pre-
mier dispositif d’élasticité modale, la chambre mo-
dale du premier systéme étant raccordée en com-
munication par le fluide avec le premier volume de
fluide du premier circuit diagonal, en formant un pre-
mier volume de compression de premiére diagonale
(45, 61, 67, 51), la chambre modale du deuxiéme
systéeme étant raccordée en communication par le
fluide avec le deuxiéme volume de fluide du deuxié-
me circuit diagonal formant un deuxieme volume de
compression de deuxieme diagonale (48, 64, 66,
50), et

dans le deuxiéme dispositif d’élasticité modale la
chambre modale du premier systéme étant raccor-
dée en communication par le fluide avec le premier
volume de fluide du deuxiéme circuit diagonal, en
formant un premier volume de compression de
deuxiéme diagonale (46,62, 68, 52), lachambre mo-
dale du deuxiéme systeme de celui-ci étant raccor-
dée en communication par le fluide avecle deuxiéme
volume de fluide du premier circuit diagonal, en for-
mant un deuxiéme volume de compression de pre-
miére diagonale (47, 63, 65, 49), et

caractérisé en ce que les premier et deuxiéme dis-
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positifs d’élasticité modale (81, 82; 201, 202; 281,
282; 321, 322, 361, 362) sont indépendants l'un de
I'autre dans leur mode de connexion au systeme, et
en ce que les premier et deuxiéme dispositifs d’élas-
ticité modale comprennent en outre au moins un dis-
positif élastique (107-110, 131-134; 163-166;
215-218; 291-205; 330-340; 379, 380) de sorte que
le mouvement de I'élément mobile de chaque dis-
positif d’élasticité modale d au roulis ou au tangage
du véhicule soit controlé par I'au moins un dispositif
d’élasticité correspondant afin de doter le systeme
d’une résilience correspondant au roulis ou au tan-

gage.

Systeme hydraulique selon la revendication 1, le vo-
lume des premiére et deuxiéme chambres modales
du systeme (89-92; 209-212; 287-290; 333-336;
373-376) d’au moins un desdits premier et deuxiéme
dispositifs d’élasticité modale (81, 82; 201, 202;
281,282; 321, 322; 361, 362) variant en fonction du
mouvement des éléments mobiles respectifs
(101-1-4; 153-154; 185,186; 213, 214; 285, 286;
327-33-, 367-370), ledit mouvement déformant,
comprimant ou étendant ledit au moins un dispositif
d’élasticité (107-110; 131-134; 163-166; 215-218;
291-204; 339- 340; 379,380), et

le mouvement de I'au moins un élément mobile (101,
104; 153; 185; 213; 285; 327; 329; 367, 369) du pre-
mier dispositif d’élasticité modale (81;201; 281; 321;
361) contre I'au moins un dispositif d’élasticité (107,
110; 131, 134; 163, 166; 215, 218; 291, 292; 339;
379) de celui-ci permettant un écoulement efficace
du fluide du premier volume de compression de pre-
miere diagonale (45, 61, 67, 51), et permettant si-
multanément un écoulement efficace du fluide en
direction du deuxiéme volume de compression de
deuxieme diagonale (48, 64, 66, 50), ou depuis celui-
ci;et

le mouvement de I'au moins un élément mobile (102,
103; 154; 186; 214; 286; 328; 330; 368; 370) et du
deuxieme dispositif d’élasticité modale (82; 202;
282; 322; 362) contre I'au moins un dispositif d’élas-
ticité modale (108, 109; 132, 133; 164, 165; 216,
217; 293, 294; 340; 380) de celui-ci, en permettant
un écoulement efficace du fluide depuis le premier
volume de compression de deuxieme diagonale (46,
62, 68, 52), et permettant simultanément un écou-
lement efficace du fluide en direction du deuxiéme
volume de compression de premiére diagonale (47,
63, 65, 49), ou depuis celui-ci, la moyenne d’élasti-
cité modale de chacun des dispositifs d’élasticité mo-
dale renforgant I'élasticité contrélée au cours des
mouvements de roulis ou de tangage du véhicule.

Systeme hydraulique selon la revendication 1 ou 2,
pour chaque dispositif d’élasticité modale (81, 82;
201, 202; 281, 282), le volume de la premiére cham-
bre modale (89, 90; 209, 290; 287, 290) variant dans
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la direction opposée au volume de la chambre mo-
dale de son deuxieme systeme (92, 91; 212, 211;
288, 289) en fonction du mouvement de I'au moins
un élément mobile (101-104; 153, 154; 185; 186;
213, 214; 285, 286), en permettant ainsi un écoule-
ment efficace contrdlé du fluide entre les premier et
deuxiéme volumes de compression connexes (45,
61, 67, 51; 48, 64, 66, 50 ou 46, 62, 68, 52; 47, 63,
65, 49).

Systeme hydraulique selon la revendication 1 ou 2,
pour chaque dispositif d’élasticité modale (321, 322;
361, 362), le volume de la chambre modale du pre-
mier systéme (333, 335; 373, 374) varianten volume
dans la méme direction que le volume de la chambre
modale du deuxieme systeme (334, 336; 376, 375)
en fonction du mouvement de I'au moins un élément
mobile (327-330; 367-370), en permettant ainsi un
écoulement efficace simultané et contrélé du fluide
hors des premier et deuxiéme volumes de compres-
sion connexes (45, 61, 67, 51; 48, 64, 66, 50 ou 46,
62, 68, 52; 47, 63, 65, 49) ou dans ces derniers.

Systeme hydraulique selon larevendication 3, le pre-
mier volume de compression de premiére diagonale
(45,61,67,51) etle premier volume de compression
de deuxiéme diagonale (46, 62, 68, 52) comprenant
des chambres de compression des vérins de roue
(11, 12) au méme bout du véhicule, le dispositif
d’élasticité modale (281) étant ainsi raccordé pour
fournir au systéme hydraulique une élasticité sup-
plémentaire au tangage.

Systeme hydraulique selon larevendication 3, le pre-
mier volume de compression de premiére diagonale
(45, 61, 67, 51) et le deuxieme volume de compres-
sion de deuxieme diagonale (48, 64, 66; 50) com-
prenant des chambres de compression des vérins
de roue (11, 14) sur le méme c6té du veéhicule, le
dispositif d’élasticité modale (81) étant ainsi raccor-
dé pourfournir au systéme hydraulique une élasticité
supplémentaire au roulis.

Systeme hydraulique selon larevendication 4, le pre-
mier volume de compression de premiére diagonale
(45,61,67,51) etle premier volume de compression
de deuxiéme diagonale (46, 62, 68, 52) comprenant
des chambres de compression des vérins de roue
(11, 12) au méme bout du véhicule, le dispositif
d’élasticité modale (321) étant ainsi raccordé pour
fournir au systéme hydraulique une élasticité sup-
plémentaire au roulis.

Systeme hydraulique selon larevendication 4, le pre-
mier volume de compression de premiére diagonale
(45, 61, 67, 51) et le deuxieme volume de compres-
sion de deuxieme diagonale (48, 64, 66; 50) com-
prenant des chambres de compression des vérins
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de roue (11, 14) sur le méme c6té du véhicule, le
dispositif d’élasticité modale (361) étantainsiraccor-
dé pourfournir au systéme hydraulique une élasticité
supplémentaire au tangage.

Systeme hydraulique pour un systéme de suspen-
sion d’un véhicule, le véhicule comprenant une car-
rosserie et au moins une paire antérieure d’ensem-
bles de roues et au moins une paire postérieure d’en-
sembles de roues, le systéeme de suspension com-
prenant des dispositifs de support élastiques du vé-
hicule a 'avant et a l'arriére entre la carrosserie du
véhicule et les ensembles de roue, afin de supporter
de facon élastique le véhicule au-dessus des en-
sembles de roues, le systéeme hydraulique
comprenant :

au moins une premiére paire de vérins de roue (11,
12) a un premier bout du véhicule et au moins une
deuxieme paire de vérins de roue (13, 14) a un
deuxiéme bout du véhicule, chacune de I'au moins
une premiére paire de vérins de roue (11, 12) a un
premier bout du véhicule comprenant une chambre
de compression (45, 46) et une chambre de rebond
(49, 50), en formant ainsi une premiere chambre de
compression c6té gauche (45), une premiere cham-
bre de rebond cété gauche (49), une premiere cham-
bre de compression c6té droit (46) et une premiére
chambre de rebond cété droit (50), chacune de I'au
moins une deuxiéme pare de vérins de roue (13, 14)
comprenant une chambre de compression (47, 48),
en formant ainsi une deuxiéme chambre de com-
pression cété gauche (48) et une deuxieme chambre
de compression cété droit (47), la premiere chambre
de rebond cbté gauche (49) étant reliée a la deuxie-
me chambre de compression cété droit (47) et la
premiere chambre de rebond c6té droit (50) étant
reliée a la deuxiéme chambre de compression cbté
gauche (48) ; au moins un premier et un deuxieme
dispositif d’élasticité au tangage (81, 82), chaque
dispositif d’élasticité au tangage comprenant au
moins deux chambres de tangage et un élément mo-
bile (154, 153), les deux chambres de tangage va-
riant en volume de fagon inversement proportionnel-
le 'une a l'autre avec le mouvement de I'élément
mobile (154, 153), le premier dispositif d’élasticité
au tangage (81) comprenant une premiere chambre
de compression de tangage c6té gauche et une
deuxiéme chambre de compression de tangage cbté
gauche, le deuxieme dispositif d’élasticité au tanga-
ge (82) comprenant une premiere chambre de com-
pression de tangage cété droit et une deuxiéme
chambre de compression de tangage cété droit, la
premiere chambre de compression c6té gauche (45)
étant en communication par le fluide avec la premié-
re chambre de compression de tangage cbté gau-
che, en formant un premier volume de compression
cbté gauche (45, 61), la deuxiéeme chambre de com-
pression c6té gauche (48) étant en communication
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par le fluide avec la deuxiéme chambre de compres-
sion de tangage c6té gauche conjointement avec la
premiere chambre de rebond cété droit (50), en for-
mant ainsi un deuxiéme volume de compression co-
té gauche (48, 64, 50), la premiére chambre de com-
pression coté droit (46) étant en communication par
le fluide avec la premiére chambre de compression
de tangage c6té droit, en formant un premier volume
de compression cété droit (46, 62), la deuxieme
chambre de compression c6té droit (47) étant en
communication par le fluide avec la deuxieme cham-
bre de compression de tangage cété droit, conjoin-
tement avec la premiére chambre de rebond cbté
gauche (49), en formant ainsi un deuxiéme volume
de compression cbté droit (47, 63, 49), caractérisé
en ce que les premier et deuxiéme dispositifs d’élas-
ticité au tangage (81, 82) sont indépendants I'un de
l'autre dans leur mode de raccordement au systeme,
et en ce que les premier et deuxieme dispositifs
d’élasticité au tangage (81, 82) comprennent chacun
en plus un dispositif de résilience (263-266), de sorte
que ce mouvement de I'élément mobile de chaque
dispositif de résilience au tangage du véhicule soit
contr6lé par I'au moins un dispositif de résilience
(263-266), en assurant ainsi larésilience au tangage
dans le systéme.

10

15

20

25

30

35

40

45

50

55

24

46



EP 1781 477 B1

11

15 12 39 40 23

EZ

56 :%@\72 1l 60 | | | |
N\ of o \E 47
» = faaneg  pasnRllz 2

L7 J]I]I’ Jw»-u
a g%%@ﬁ | SN\
18 22/ 26 \ig\é ) - \25 \21 17
wo 38 37 o 33
YO

Figure 1

25



EP 1781 477 B1

61 \

[
[

A

131-
139
134

T

[

64

56

II
\O
J

I L

|

100

138

12
28 .
24 20 16
it /P
i s

58

Figure 2

i

I

TS
T

al!

_.II_B

63

5

N\
17



EP 1781 477 B1

11 "
27 28 /
15 > 23 / 24 20 16
00O
S 1AAARR RARALL 4
) J WS 7
ILI 45 49 0 cBoRole .I'C 50 46 '3\
) !
53/E A / 57 | : 5§ ”
65 66 "‘.
70 74
AN
62
94 160 156
” / 164
o -
153 ! . 154 %:%J
92 9‘1 -I F 152
165
%6 95 161 157
68\ 67 . 63—

‘ ' L/ A
7 3/60 | 59 /CDE: 55

| 30 29 \
14 |

Figure 3

27



EP 1781 477 B1

Figure 4

28



EP 1781 477 B1

216 217
64 —
G

14

Figure 5

29



EP 1781 477 B1

T 12

49 c}s 4\6 | 5{)
oo ] I
61— (Mgt —e62
241 242
X X

S\ e -

Figure 6

30



EP 1781 477 B1

138

Rt

253 ’ | = \254_ _
- Figure 7
- 81 |
135 . | : ‘/ ) 138
» 3 a 96 v
—_\I_J \ Zj ﬁ EWJ | &
T | L]
- Al

254

Figure 8

31



EP 1781 477 B1

11 12

N\

L 18AAAN

73 57 o0

53
69

14 | _ ' 13
| ~ Figure 9

32



EP 1781 477 B1

53

3/ 291
295

281

|

54

292
296

N\,

Figure 10

33




EP 1781 477 B1

Figure 11

34



EP 1781 477 B1

Figure 12

35



EP 1781 477 B1

403 405

e / | | q

il

408

!

UL W uu \
ik s A Lo
409/ A }10 40'/7 : | "}06 | }11
| - Figure 13 |
432

431

438 . 434

1RE

S d\d
N\ Jal _\
/ \
) 46 -}39 435 }33 437

Figure 14

36



EP 1781 477 B1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European

patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

. US 6270098 B [0002] [0003] «  US 6024366 A [0004]
« WO 2004052667 A [0003] [0007] « JP 11291737 B [0004]
.« US 5486018 A [0004] «  US 6217047 B [0036]

37



	bibliography
	description
	claims
	drawings
	cited references

